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Abstract 

Seven oil -prospective basins are recognised in New Zealand, and their stratigraphy 
is reviewed. Potential oil formatioos, which range in age from Upper Cretaceous to 
Pliocene; are discussed for each btsin. Their particular positioo in Ate stratigraphic 
coiuma is largdy controlled by the local tectonic history. 

In any one basin, possible source and reservoir rocks are in about the same strati- 
graphic position and generaliv closely related to each other. In five of the seven 
Msms, which are characterised as epicontinental, unstable shdf areas, they generally 
occur near the base of the whole Sttlinientar\' sequence; this is shown to be inherent 
to the paleogeographic setting and particular tectonic evolution, and is consistent 
with the pattern found under similar conditions in otiber parts of the world. The 
characteristic lithologic assemblage of possible source sequences found here is of the 
shale-sandstone<oal type, and its environment is a transitional one of the near-shore 
marine and ddtaic or estuarme-bcadddi to freshwater zone. 

Additiooal potential reservoir formations occur in some of the basins hi^er up 

in the section. They are formed by sandstone as well as carbonate sodcs, and their 

presence is discussed in relation to the local tectonic history. 



*Paper ofi(ginally presented at the 40tfa ANZAAS Congress in Christchurch, January 
1968. 

NX 7/ Gtol. Gtophys. 11 : 1077-133 
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iNinoDucnoN 

Although New Zealand has produced oil and gas commercially onlv in 
Tantnaki^otentially prospecthre foomitioos ocair in many areas of Doth 
isbuub. This paper reviews the stradgtaphy and, as far as possible, the 
paieogeograpfay of these areas, and dranes and discusses those formations 
which locally appear to have a bearing on poasiUe occurrence of petroleum. 

No complete assessment of the petroleum prospects in the various areas 
will be given. The structural conditions are not dealt with in detail, nor are 
potential oil formations discussed with a view to determining their 
effectiveness. The poss&Ie source and reservoir rocks of one area may be 
far inferior in quality, volume, and distribution to those of another, yet 
they may be important indicators of the basin evcdution. In fact, the 
occurrence and particularly the stratigraphic position of such formations 
relative to the local sedimentary sequence, are closely related to the tectonic 
history of the area. These relationships: (a) between possible or probable 
source and reservoir rocks, and (b) their position as compared to the local 
basin stratigraphy and basin evMution, are the principal features presented 
here. 

When defining possible source rocks, the author is quite aware of the 
complexity of the concept and the general difficulty which exists for their 
recognition. In particular, the true amount and the nature of organic 
matter in the sediments here reviewed have not been determined, and 
oonse^ently the important factor of the proportion of hydrocarbons to 
organic matter is entirely unknown. Other miportant aspects that have not 
been considered are adsorption and retention of existing petroleum, ratio 
between free oil and kerogen, amount of compaction and consequent 
expression of fluids, and availability of suitable interstitial water to act as 
a vehicle — to name just a few. Only broad geological evidence, and particu- 
larly the occurrence of what the fidd geologist may caU **a carbonaceous or 
bituminous rock sequence*', have been used to discuss the relevant implica- 
tioos ; but even these rather vague data are believed to be significant, and are 
useful at least as a means of narrowing down the possibilities of petroleum 
source strata and their stratigraphic position. 

In discussing the occurrence of prospective oil formations, it is necessary 
to consider the regional tectcxiic situation, to define local "basement", and 
to delineate thoise areas that are structural basins filled with an adequate 
succession of sedimentary rocks. Seven such basins are recognised (Fig. 1) : 

North Island — Northland 
Waikato 

Taran ak i - Waoganui 
East Coast 
South Island— West Coast 
Canterbury 
Southland 

These do not necessarily correspond to original basins of deposition, which 
often were much more extensive. Local uplift and erosion have reduced 
many basins considerably, or have dismpted an originally continuous sedi- 
ment cover so that only relatively small portions remained intact in present- 
day structural depressions. 
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Fig. 1 — Map of New Zealand showing the seven oil-prospective sedimentary basins. 
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As a general feature; the prospecdve areas are aligned in two sub-oarallel 
belts which are separated by a geanticlinal wedge of Paleozoic and Mesozoic 
rocks that traverses the entire length of New Zealand. Sedimentary cycles 
in both the western and eastern troughs are from Upper Cretaceous to Recent 
in age; but whereas in the east a marine environment dominated throughout 
the Upper Cretaceous -Tectiafjr mterval, and indeed into the Quatenuuy, 
the vest is characterised by in^orbuit terrestrial domains in wious areas 
and stagies. 

Formations older than Cretaceous are, as a rule, too much indurated in 

New 2^aland to attract an oil geologist's interest. Locally, however, it has 
been shown that basement reservoirs in such older rocks are possible, and 
also the possibility of their being source rocks cannot entirely be ruled out. 

Toe Northland Basin 

This northernmost basin extends over the entire length of Auckland 
Peninsula, from south of Manukau Harbour to North Cape. It is limited 
to the east by basement outcrop of greywacke snd argillite, but indudtt in 
the north and west the off'Sbore sheUF area with no limit known. Hius 
it measures at least 8-10,000 sq miles, but 23-30% of it is oco^ied by 
volcanic rock complexes. 

Folded basement metasediments are Jurassic in the south, and Permian 
to .''Jurassic in the north-east. Basin-fill is of marine Upper Cretaceous and 
Tertiary, with mainly dark shale, siltstone, and sandstone, but includes 
Eocene coal measures, Oligocene limestones, Miocene andesitic grit, and 
volcanic rocks, as weU as extensive sheets o( Miocene to Pliocene olisto- 
strome deposits which mainly consist of chaotic Ixeccias formed by Upper 
Cretaceous to Oligocene sedimentary' rocks, and serpentinites ; these overlie 
beds that range in age from Permian-Jurassic to Lower Miocene (Kear and 
Waterhouse, 1967). 

The Southern Portion — Amckland - Manukau Harhoitr 

A distinct basin occupies the Auckland area proper, extending for 
70-80 miles north south along the Peninsula and southwards beyond. 
Here some 2,000-3,000 ft of Lower Miocene Waitemata beds are the 
known deposits, which to the east directly overlap basement (Thompson, 
1961; Scbofield, 1967a) ; whether or not Lower Tertiary and/or Cretaceous 
is present subsurface in the west Auckland area and around Manukau 
Harbour (Schofield, 1967a), is an open question but reported xenoliths of 
appropriate lithologies in local volcanics (Healy, 1935) and pebbles of 
argillaceous limestone in Waitemata beds (Park, 1886) would suggest its 
existence to some extent Also, both to the n(»th and south beyond the 
area here considered, and indeed to the east at Drury (Kear, 1959b), Lower 
Tertiary formations appear at the surface unconformably below Waitemata 
beds. 

In the south the Waitemata Group sequence begins at its base with the 
marine, glauconitic, and calcareous Waikawau Sandstone (100-150 ft) which 
locally is replaced by Papakura Limestone. Upwards it passes into the 
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Koheroa Siltstone (200 ft^ which is characterised by the first appearance, 
within the Tertiary of the area, of volcanic, partly acidic-rhyolitic but 

predominantly andesitic tuff layers; this in turn is overlain by the Mercer 
Sandstone (500 ft). Moderately hard and mainly non-calcareous, the Mercer 
Sandstone is in places rather massive and well sorted, fine to coarse grained, 
but includes thin carbonaceous mudstone intercalations. Both the Koheroa 
Siltstone and Mercer Sandstone are, however, only recognised to the south 
|ust outside our area (Homibfook and Schofidd, 1963). They are there 
overlain by the alternating, thin-bedded sandstones and carbonaceous silt- 
stones of the Amokura Formation, a lithofacies that is characteristic of 
most of the Waitemata Group to the north. 

The typical development of the Waitemata beds around Waitemata 
Harbour, Auckland, has been described in detail by Ballance (1964). 
According to this author, deposition was in a marine basin within a conti- 
nental borderland, with rapia eastward overlap of shallow-water and shore- 
line deposits over a ruggea greywacke terrain (Waipapa Group, Permian to 
Jurassic) ; the central portion of the basin, of somewhat deeper water and 
at least 50 miles long by 15 miles wide, is occupied by a turbidite facies of 
thin-bedded, alternating sandstones and muddy siltstones deposited by mainly 
south-east flowing turbidity currents which arrived at irregular intervals. 
This is not unluce a typical flyscfa sequence; and actually some of ihs 
ea^osed sections near Auddand bear a strong resemblance to flysch dq>osits 
as known elsewhere. Westwards, and perhaps upwards, the turbidites pass 
into tuffaceous sandstone, volcanic grit, and andesitic mudflow deposits 
(Manukau Breccia) brought into a shallow sea from nearby disrupted and 
eroded eruptive rocks (Brothers, 1934a) ; these extend along the west side 
of Wattakere Hills and throu^ KaifMuta Harbour. Submarine flows and 
pillow lavas occur at Tinopai north-east of Kaipara Harbour, where they 
are interbedded with fossiliferous, tuffaceous sandstones and conglomerates 
(Brothers, 1954b) ; their age, according to latest micropaleontological evi- 
dence, is Otaian-Hutchinsonian (Lower Miocene, Scott, 1965). An upwards 
extension in the stratigraphic column, of coarse volcanic debris above typical 
Waitemata turbidite sandstones and siltstones is also found in the Comwallis 
area on the n<»tfa shore of Manukau Harbour (Jones and Martin, 1965). 

Assuming that in the Auckland area, i.e, in die southernmost portion of 
the Northland Basin Waitemata beds everywhere rest directly aoove base- 
ment, the possible existence of prospective oil formations is certainly rather 
limited because of the reduced extension and volume of sediment. Increased 
subsidence and considerably greater thicknesses could, however, occur in 
places particularly to the west, and much depends on the exact nature and 
distribution of depositional environments within this Lower Miocene basin. 
The turbidites which probably furnish the bulk of the Waitemata beds are 
not considered prospective, however, in spite of the fact that porosity of 
individual beds generally is high (Ballance, 1964). On the other hand, the 
reported large amount of carbonaceous matter in these beds which were 
deposited in an anaerobic environment (Schofidd, 1967a), could provide 
for ample source material. Particular attention should therefore be paid 
to the basin flank areas where intraformational sandstone pinchouts and 
porosity abutments against low-angle unconformities can be expected. The 
presence of timely traps is of course all important, particularly because in 
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mndk ol the basia sedimeots appear to hm been flushed o£ ori^mal fluids 
hf ftesh water (gtoond-water sapply in the Waitemata beds is w ported 
as geaeially ample or e^eo iar^; Hay, 1952; Waterhoiise^ 1966b). 

Thus the most suitable reservoir, so far as is known, would probably be 
provided by the Mercer Sandstone as reported from the south, or any 
other, equivalent sandstone build-up. The potential source facies occurs in 
close relationship, both b^ intercalated or interhn^ering mudstone and a 
basinward silt-shale eiEfcensioii, and by tihe oeotral turoidites which aie of the 
same age and/or slightly younger. According to mictopaleoDtological eri- 
dence, all these f onnatioas bdoog to the same Otaian stage, of Lower 
Miocene age. 

If, however, the Waitemata beds were underlain by Oligocene-Eocene 
and/or Cretaceous (see section A-B in Schofield, 1967a), the general pros- 
pects of this basin would be greatly enhanced. Increased sediment thickness, 
existence of unconformities, and a greater variety of suitable facies as wcU as 
potential petroleum traps would most likely occur in this area. But since 
nothing is known about the local development of these formations, litde 
can be predicted about their possibilities. An extrapolation into the Manu- 
kau Harbour area of data from the Lower Tertiar)- Te Kuiti environments 
as known further south is probably not warranted, but their characteristics 
will be treated more dosely when coosidermg the Waikato Basin. 

The Central and Northern Portions 

About 30 miles north of Auckland the near-oontinuous cover of Lower 

Miocene Waitemata beds terminates, probably mainly owing to erosaoo. 
Isolated patches of more or less correlative rocks still occur further north 
all along Northland Peninsula, though often of greatly reduced thickness 
and varied lithology; the Otaua Group of Hay (I960) and the Miocene 
beds in die Waimamaku Vall^ and around Hokianga Harbour, as well as 
nortfi of Parei^gareoga Harbour (North Cape) are the more prominent oocnr- 
rence^ which suggest a one-time much more extensive area of Mk)cene 
deposition. 

Everywhere along the eastern margin, as far as Waitemata beds extend 
north of Auckland, they directly overlap basement Waipapa greywacke and 
argillite (Cape Rodney and Te Arai Point; Thompson, 1961; Hopgood, 
1961). To the north and north-west, however, they are unconformably 
undedain by a sequence of Lower Tertiary which for the first time appears 
at Dauy Flat (Waterhouse, 1966b) and Weilsford, and which further north 
continues along most of the remaining portion oi eastern Northland 
as far as Doubtless Bay. This sequence, which rests on Waipapa Group 
basement rocks, is made up of Eocene Kamo Coal Measures, Upper Eocene 
Ruatangata Sandstone and Oligocene Mahurangi and Whangarei Limestones ; 
the latter is overlain, possibly with some erosiooal break at its top, by 
Waitakian sandstones of lowermost Mkxxne age (Kear, 1959a). The 
Eocene-Oligocene thus constitutes a norma! transgressive cycle from 
tcrrestrial-paralic deposits to widespread open shelf conditions, with exten- 
sive crystalline and argillaceous limestones as the typical rock type in its 
later portion. 
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The Kamo Coal Measures generally contain two coal seams, each up to 
25 ft thi(^, which are separated by i^ to 60 ft of carbonaceous sandstone 
and mudstone. Some sandstone is also found at the base, together with 
fireclay and rarely some conglomerates. Upwards the Kamo Coal Measures 
pass without br«ik into the marine Ruatangata Sandstone, up to 200 ft 
thidc, which consists of gjawmniHr and calcareous grey sandstones with 
some shell beds and modstones. Sdutkxi cavities seem to be quite common 
in the calcareous sandstones. From Kamo to the north, it thins consider- 
ably and is near Waiomio represented by only 2 ft of conglomerate. 

This Northland Eocene-Oligocene se<juence just described is best known 
along the western flank of the outcropping basement greywacke high in the 
east. Most probably its area of deposition extends across all of the western 
part of the Peninsoia. Oligoceoe ahaly limestones and calcareous siltstones 
occur near the mouth of Hokianga Hanxmr, and while Eocene coal measures 
are restricted to the east, with the exception of the occurrence at Avoca 
10 miles north of Dargaville (Healy, 1947), marine middle Eocene 
(Bortonian) sandstones, siltstones, and shales are known from many areas 
and in great thicknesses. In a recent drillhole just south of Dargaville 
( Waterfaouse, 1963b) over 900 ft of B<»tonian mudstone and silt-sandstone 
were traveraed, without base being reached. In central Northland the Ojpahi 
Group (Hay, I960) is of the same age, consisting of diflferent facies belts 
characterised by {a) glaucontitic greensand and (b) argillaceous limestone 
and green and chocolate shale with flint; both are about 1,000ft thick. 
Similar Bortonian rocks have been mapped, and drilled, north-east of Kaitaia 
in nottfaem Northland (Kear, 1964) where the calcareous siltstones, lime- 
stones, and g^uconitic sandstones are over 2,000 ft thick, being overlain 
1^ another 2,000 ft of Oligocene limestone and sandstone. 

However, it has in recent times become more and more evident that much 
if not all of the older Tertiary and also Cretaceous rocks which so extensively 
occur across Northland, are only superficial and should therefore be classed 
in the "Onerahi Chaos Breccia" of Kear and Waterhouse (1967); this 
partkular formation consists <tf huge exotic masses which means of 
targe>scale slumping in Miocene-Pliocene times would have reached their 
present position, partly as still coherent though heavily sheared and 
troken-up sheets, but more often as a completely mixed chaos of widely 
different rock imits. And while this can actually be proved in many places, 
it remains to be seen how much of the Bortonian beds mentioned above 
are radik antocfatfaonoos. In some places at least, as near Silverdale in the 
east (Waterhouse, 1963a), the only Bortonian rocks found do in fact 
belong to the Onerahi Chaos. In the Ngawha deephole, too (Kear, 1966a), 
Bortonian faunas were found below Upper Cretaceous but mixed with 
Paleocene and Maestrichtian elements, the whole section down to 1,550 ft, 
and probably even to basement at 1,750 ft, consisting entirely of sheared 
and orecdated, mixed rocks of undoubtedly allocfathonous origin. 

Lower Eocene, Paleocene, and Upper Cretaceous rodcs were described by 
Mason f 1953) from the area around Hokianga Harbour, and have more 
recently been mapped in detail by Hay (I960) in central Northland. Fossil 
evidence has proven the existence of Cretaceous formations belonging to 
the Upper Clarence (Turonian), Raukumara (Senonian), and Mata Series 
(Maestrichtian-Danian), but the general scarcity of good outcrops, due 
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to widespread, deep weathering and low relief, the lithologic similarity 
between different formations and the rarity of fossils, plus the confusing 
structural complications have left many unsolved probiems as stressed by 
Hay. His rematk (p. 22) that **the Mangahihia beds ... are so cruslied 
and contorted as to make a structural interpretation extremely difficult** 
could in fact hint at the possibility that the whole block is part of a 
dislodged and internally broken up mass and thus perhaps part of the 
Onerahi Chaos breccia. The true distribution, structure, and origin of this 
Onerahi Chaos Breccia, and the uncertain rebtioiis of sedimeats with 
extensive complexes of volcanic rodcs are still the greitt unsolved proUems 
of Northland geology. 

Hie oldest formation of the cover known consists of hard siliceous sand- 
stone of the Ngaterian stage*, with laminations caused by highly micaceous 
and carbonaceous bands. Sandstones and siltstones are the main products 
also of the three stages of the Raukumara Series. The combined thickness 
of these formations probably amounts to several thousand feet, but no 
definite figures are available. Hie Mangakahia Group of uppermost Cretan 
ceoos to Paleocene age consists of the following four formations, from base 
to top: 

1. Ngatuturi Claystone. Hard, dark grey to black, siliceous claystoncs, 
always intensely folded, crushed and slickensided. No complete section 
is known, but exposed thickness is 3,000-4,000 ft. 

2. Punakitere Sandstone. Micaceous sandstones, partly massive, partly 
well bedded wiHi some conglomeratic layers, containing plant remains 
and carbonaceous material, sometimes including thin lenses of coal. 
Calcareous sandstone concretions up to 6 ft across are common and 
often include Inoceramus fragments. Thickness is 7,000-8,000 ft. 

3. Titoki Shale. Grey, green, and chocolate, calcareous shale or argillaceous 
limestone, up to 2,500 ft thick. 

4. Karaka Sandstone. Micaceoos sandstone and dark grey shale, 2,000 fit 
thkk. 

Beds of the Paleocene to Lower-Middle Eocene Waiomio Group are 
divided, according to Hay, into three separate fades belts: 

(4) An eastern bdt of multi-coloured shale with flints, probably at least 

1,250 ft thick; 

{b) A central belt of 1,000 to 1,500 ft glauconitic sandstone; and 
(f ) A western belt with shales similar to the eastern ones, but without 
the flints, possibly 350 ft thick. 

The Opahi Group of Middle to Upper Eocene age has been mentioned 
above already and is of a very sinular lithology and fades distribution. 

Thus the total thickness of Upper Cretaceous to Lower Tertiary sediments 
in Northland would easily amount to 14,000 ft ; but, as should be stressed 
again, it is obvious that such a figure is very tentative only, as most sections 
in the field are isolated, incomplete, faulted, and otherwise tectonically 

complicated. In addition, there remains the principal problem as to how 
much is actually autochthonous, and how much is exotic, having come to 



*For the ciassificatioa of N.2;. Cretaceous stages see Wcllman, 1939. 
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its pKsent position by long-range sliding (?or partly thrasting). More afid 
more data are accumulating which suppcMt such a condition and a number 
of drillholes from Lake Ohia in the north across central Northland down 
to Kaipara Harbour in the south have indeed found Tertiary beds underlying 
the Cretaceous (Waterhouse, 1963b, 1966a; Kear, 1966a; Kear and Water- 
house, 1967; pers. comm. on recent drill hol& near Batley, by Mr B. N. 
Thompson, New 2Sedatid Geological Survey) . 

It is furthermore noteworthy that much of these sediments is of a very 
distinct fades type which in itself raises a suspicion that they originated 
d s e wh er e . Thick, monotonous duk shales which often are highly siliceous, 
as well as argillaceous limestones and particularly the green and chocolate, 
multi-coloured shales associated with flints, are deposits which do not 
commonly occur in miogeosynclinal mixed shelf associations such as would 
normally be escpected here in the light of simple paleqgeo^raphic con- 
siderations. And while the Upper Cretaceous and Lower 'imtiary depositsf, 
alAough occurring dose to what is probably the eastern limit of the 
depositional basin, are typical, in Kiindig's (1959) classical notion, of a 
peicnnial, eugeosynclinal environment, they would appear truly exotic in 
their present position close to a continental borderland. The occurrence of 
ophiolites associated with these sediments in Northland lends strength to 
this assumption. Although the age and provenance of the ophiolites is as yet 
unknown — the}- always form roodess oodies of serpentinite embedded in 
Onerahi Chaos Breccia — it seems probable that they are related to the 
formation and existence in this area of the olistostrome masses themselves, 
as happens in many other places. In general characteristics, at least, the areas 
of Onerahi Chaos Breccia seem to bear a striking resemblance to exotic 
block 2ones in tihe northern Himalayas, for instance; or tiie so<alled 
"Coloured Melange" suites in Baluchistan and Turkey (Bailey and 
McCallian, 1933; Gansser, 1959). 

As in the latter area, the Onenhi Chaos Brecda (which in some places 
perhaps is coaq>arable to a "block-flysch" or the alpine "wildflysch") 
appears closely associated with normal flysch sequences, as in the south 
for instance, where it directly overlies the Waitemata flysch series, but may 
possibly also form tongues and wedges within it (Dr D. Kear, pers. comm.). 

These problems naturally are of prime importance with respect to 
petroleum possibilities and exploration. The Cretaceous to Lower Tertiary 
series, which apparently cover the greater part of Northland Peninsula, 
seem to be very tiiick and indude various sandstone formations which could 
have, locally, good reservoir characteristics. The bulk of these deposits^ on 
tiie other hand, is formed by carbonaceous shales and dark mudstooes 
which are probably potential source beds. Several oil shale occurrences 
have been mentioned, too, at least three of them yielding upon distillation 
oil at 26 to 50 gallons per ton (Elphick, 1959). But no good oil seepage 
are known, except for the indications at the ^^wha hot springs (Beu and 
Qadce; 1909). rlnmerous gas seepages are known tiiroujpboot Northland,' 
several of them containing considerable amounts of methane (up to 9^%) 
and some also fractions of higher hydrocarbons (Ross, 1967) ; but no gas 
truly associated with petroleum is known, gas from such setps as have been 
tested being marsh gas (Watt, 1965). 
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The fact diat rock aceas mapped as Upper Cretaceous* lnw r em, an at 

least in some places actually olistostromes which in part arc extremely 
broken up, forming incompetent, chaotic breccias of highly mixed com- 
ponents, would probably diminish their petroleum potential substantially. 
There is a possibilibr that such Cretaceous rocks, even where representing dis- 
located gravity slioes, could still have idained tiieir potential, provided 
they form coherent nappes with traps focmed at the right time and at 
aiitable places. On the other hand, the recognition of olistostromes made 
up of Cretaceous to Lower Tertiar)' might well enhance the general prospects 
of the area, in which Upper Eocene to Miocene conswpently can be 
expected in subsurface (Kear and Waterhouse, 1967). This means that 
large areas wfaldi in Nbrtiilaad are covered by Cretaceous may have Teftiai7 
prospects in subsurface formaticMis that represent the basin-ward extensioa 
of known Eocene to Oligocene and/or Lower Miocene deposits which out- 
crop further to the east. Facies pattern and environment distribution of 
Kamo Coal Measures, Ruatangata Sandstone, Whangarei Limestone, as 
well as Waitakian sandstones and their correlatives thus become important. 
Westwards away from the basement l^gh in the east, one might envisage 
tfaecefoce Tertiary cooditioos similar to Tatanaki and other West Coast 
provinces, although surface geology interpretation perhaps erroneously has 
led geologists to compare Northland conditions with those on the East Coast 
(Quennell, 1965). 

Thus, if autochthonous Tertiary beds lying imdemeath olistostrome depostis 
composed of Cretaceous to Lower Tertiary rocks, must definitely be in- 
cluded now in the general prospects, the question arises whether these 
Tertiary beds everywhere overlap basement, or whether th^are underlain 
again by another seouence of U}>per Cretaceous sHimcnts. llus b entirely 
a problem of sobsurtace oqiloratiofi, and no dadta foe its solntioo are as y^ 
known. There are, however, Cretaceous mudstones, sandstones, and con- 
glomerates exposed in many places along the north-east coast from Mt Camel 
to Karikari Peninsula and Whangaroa Bay (Kear and Hay, 1961; Hay, 
1968)1 ; thqr are Motoan in aee, thus Albian and would probably have to 
be included for the purpose of oil geology in the Waipapa basement com- 
plex, but this, too, needs confirmation. 

In condosioo, it appears that Northland is still too little understood 
geologically for any definite statements to be made. But it does offer 

a variety of potentially favourable conditions, and prospective formations 
may well be found, if not in surficial Cretaceous, then at least in the buried, 
autochthonous Tertiary and/or Cretaceous which in addition is probably 
less complicated tectonically. As has been shown in other areas, subsurface 
exploration through a tfaidc cover of chaotic olistostrome aocunwilarion is 
<^uite possible by a careful interpretation of data available through conven- 
tional exploration tools; promising structural highs in the underlying 
normal sedimentary series have actually been located, and proven by drill- 
ing, through more than 5,000 ft of olistostrome deposits in Sicily (Flores, 
1959). 

Potential oil formations thus should be looked for not only in the 
Cretaceous, although it is extensively mapped at the surface and appears 
to include a particularly promising facies. Where such Cretaceous rocks 
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fonn part of the Onerahi Chaos Breccia, oil may exist in any normal 
aedimenlary seaucoce undemcBdi, most ptobabty of Tertiary age; in general, 
oil mt^ be bom of Tertiary and/or Cretaceous origin, while the particular 
tectonic conditions would be especially favourable for pools tound by 
secondary migration, in addition to primary ones. Apart from various 
shaly formations, the impervious cover of the Onerahi Chaos Breccia would 
certainly provide an excellent seal. 



The Wakato Basin 

The area extends south of the Pukekohe basalt complex, i.e., covering 
die lower Waikato River-Hontly acea, phis the Haxmltoa and Hanfala 

basins, and is thus one of the more restricted of potential oil' basins in 
New 2^1and, both in its size and geologic conditions. It measures about 
3,300 sq miles but considerable portions within it are occupied by basement 
outcrop. Certain subsurface information is available from coal and oil 
exploration, and recent summaries on the general geology have been pub- 
liAed If Lehner H d, (1965) and ScfaofieM (1967b). 

Basement rocks ace Trksstc-Jufassic, folded greywacke metasediments 
(Kear, I960; Sdiofidd, 1967a), which have been eroded and levdled 
following the post-Hokonui orogeny. Subsequent sedimentation was not 
renewed until the Upper Eocene, when the Waikato Coal Measures were 
deposited. These freshwater beds constitute the basal formation of the 
Lower Tertiarv Te Kuiti Grou^ of Kear and Schofield (1959), and have 
been dnosttra in locsal dcpressiocis of a varied landscape. Tectonic imcest 
and faulttog seem to have affected their distribation and thickness which, 
including non-marine mudstones, sandstones, and conglomerates, ranges 
from virtually nothing to 1,000 ft. Yet they are clearly restricted to a 
structurally-formed long, narrow trough which subsequently widened; 
younger formations further and further overlap to the west and to the east 
as "mSi as to tbe south. The wfade sequence passes upwards tfuoogfa 
estuarine mudstone and sandstone to open water, marine sand*8ilt-mudstone 
and limestone. The sea, however, always remained shallow, and lateral 
facies change thus mainly reflects distance from shore line. The Oligocene 
flaggy limestone, for instance, which is formed of comminuted shell frag- 
ments and coarse sand, is persistently a near-shore deposit, whereas siu- 
mnubboiie oocors farther out In the basin. In the sooth, the Blgood Lune- 
stDpe attains a maximum thickness <tf 100 ft (Kear and Schofield, 1939). 
With subsequently diminishing supply of clastic material from land, 
crystalline limestone containing large oysters, pectens, and numerous brachio- 
pods was formed (Otorohanga Limestone, up to 200 ft thick). A relative 
increase M akiiim cacbooate content towards younger sediments is also 
noted in sfltatones, whkh oocar nearer the centre of the basin, as for 
iastanoe between die older Whaii^garoa and Toonger Te Akatea Siltstones. 

The age range of the Te Kuiti Gsaap sediments is from Upper Eocene 
to Lower Miocene, but no beds younger than Oligocene are known in the 
region here discussed: Miocene is restricted to a more southerly portion. 
An unconformity reflecting a considerable erosional break separates the 
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Te Kuiti Group from the overlying Waiteooats Group of Lower to Middle 
Miocene age (Homibrook and Schofield, 1963). Block faulting and dis- 
location or Te Kuiti beds resulted in their being removed down to the 
Mangakotuku Siltstone in certain places of the Hamilton area, and probably 
in their complete destruction in areas nearby. Coal pebbles from the Waikato 
Cool Measures, up to 4 in. long (Kear, 1961), as well as Gleo Masscy 
Sandstone and gtejrwacke boulders (Schofield, 1967b) are reported from 
the basal Waitemata sandstones. A detailed description of the remaining 
sequence in the Ngaruawahia Subdivision, which covers the main part of 
the Waikato Basin as here discussed, is presented by Kear and Schofield 
(in press; see also 1964). The average thickness of the Te Kuiti Group in 
this area is given as 1,330 ft 

The overlying Waftemata Groiq> is stated by the same authors to be 
2,000 ft thick, and is developed as already described for the southernmost 
portion of the Northland Basin. Its paleogeography and the mter-relation of 
different formations is still not well understood, but a generally shallcfw- 
water to deltaic environment can be suggested for most of this region. 

Another unconformit)- separates the Waitemata Group from the Pliocene- 
Quaternary beds of the Tauranga Group (1,000 ft), which is dominated 
fc^ terrestrial sediments (day, lignite, peat, sand, and gravel), and particu- 
larly by materials of rhyolitic provenance derived from the Central Volcanic 
Region (pumice sand and silt, also ignimbrite sheets). Andesitic and 
basaltic rocks, partly in well preserved cones, are ^read throughout the 
area. 

Strong vertical displacement has occurred after Waitemata deposition, 
and many topographically high areas show basement outcrop partly covered 
by erosional remnants of Te Kuiti Group sediments, and/or Waitemata 
beds. Only in parts of the lower Waikato north of Huntiy, and in parts 
of the Hamilton and Haoraki lowlands are these formations buried and nuMre 
or less intact, thus offering proq>ects for the oil geologist. 

In these areas, one can expect porous horizons in both the Te Kuiti 
and Waitemata Groups, with possible traps formed by structural and 
stratigraphic conditions, sandstone wedge-out, porosity abutments, and un- 
conformities. In the Te Kuiti Group several porous sandstone as well as 
limestone meod^ers ate locally known. Oil slicks and gas have been reported 
within the Mangakotuku Siltstone in a drillhole at Mercer, at d^ths of 
742 to 1,040 ft (Lehner, 1965). This formation, together with the Puke- 
miro Sandstone below, belongs to the mainly marine-estuarine lower portion 
of the Te Kuiti Group, overlying the Waikato Coal Measures. Gas (mainly 
methane) has frequently been encountered in several drillholes, and is 
probably direcdy derived from the coal. Recent investigations by the 
Chemistry Division, DSIR, have shown pressure build-up and gas emanating 
from coal cores from Huntiy, even long after they had been recovered from 
the borehole and sealed off in airtight containers in the laboratory'; the 
gas contained up to 58% methane (calculated air-free) plus traces of 
ethane, the remainder being mainly nitrogen (Miss J. B. Ross, pers. comm.). 

As the coal measures appear to become somewhat younger from north to 
south (and locally perhaps also from west to east across the Hakarimata 
Range), the Kemps Coal Seam near Whatawhata and Karamu probably is 
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equivalent, stiatigraphically, to the Pokemiro Sandstone of the Glen Massey 
Gnlfidd further north (Kear and Schofield, 1963). It is underlain by the 
Whatawhata Sandstone which is described as a medium to coarse, highly 
qnartzose, light grey-white carbonaceous sandstone up to 40 ft thick ; this 
latter particularly seems to be suitable for building up a substantial reservoir 
body, provided it is found in an appropriate location. The Whatawhata 
area is therefore tiie mote interesting, as it is directly adjacent to the Waipa 
Fault and thus nearest to die corresponding sequence buried undemerai 
the Hamilton lowlands. This fault, which is inferred to be transcurrent 
(Kear, I960), evidently produced a considerable vertical displacement, 
too, in post- Coal Measure times. The base of the Te Kuiti Group is from 
a few hundred to over 1,000 ft above sea level in the Kapamahunga Range 
immediately west of the fauR, but is over 3>000 ft below in the Te Bapa-l 
well drilled recently in the adjacent western part of the Hamilton t«sin, 
by N.Z. Petroleum Exploration Co, Ltd. (well reports at N.Z. Geol. Surv., 
open file). It has furthermore been suggested (Lehner, 1965) that the 
formation of this basin was already initiated during or before Coal-Measure 
times, so that even thicker Te Kuiti beds could be expected here. As it is, 
drilling proved the Te Kuid Group to be 689 ft thidc in the Te Bapa-I 
well which, according to seismic and gravity information, is located in the 
deeper parts of the basin; no porous horizons were apparendy found in 
die well section of the Te Kuiti beds (Fig. 2). 

No oil or gas indications are known in the Waitemata beds. But evidendy, 
some of the thick sandstones would be excellent reservoir rocks, if encoun- 
tered subsurface in areas such as the Hamilton or Hauraki lowlands. Un- 
fortunately, the only well which crossed the entire section, Te Kapa-l, 

found 2,721 ft of Waitemata beds virtually de\'oid of porous members, the 
Mercer Sandstone hardly being recognisable in the electric log. Only near 
the base three somewhat more appreciable sandstone bodies appear to exist 
(.''Waikawau Sandstone), of which the lowermost and thickest (4,608 to 
4,721 ft) shows the greatest porosit)' corresponding with three to four 
narrow, high resistivity peaks (Fig. 2). We know of no test made here. 
The age of most, if not all, Waitemata beds in the Te Rapa-1 well is 
(Dr N. de B. Homibrook, pers. comm.) Upper Pareora to Altonian 
(Middle Miocene). This is somewhat younger than the age of the Wai- 
kawau Sandstone at its type locality (Homibrook and Sdbofieid, 1963), or 
of the Waitemata Group in the Auckland Basin further north {see p. 1082). 

As to possible source rocks, the most likely formation is the Waikato 
Coal Measures of Upper Eocene age, either by generating oil or gas direcdy 
from the coal (Sogers, 1965), or by providing a source from its associated 
sediments deposited in a transgressive environment across an initially land- 
locked area. Organic content was evidently appreciable, and anaerobic con- 
ditions persisted up into the Mangakotuku Siltstone (Kear and Schofield, 
1959). Source rock quality in the Waitemata Group is believed to be inferior 
although locally, judged by its facies further north in the Auckland Basin, 
mudstones rich in organic content may also be present to act as a source 
for possible oil and gas indigenous to Miocene sediments. 
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Fig. 2 — Well section of Te Rapa 1 drilled in 1964 by New Zealand Petroleum 
Exploratioa Co. Ltd, oorth-west Hamilton, Waikato Basia. Age detecminations 
fxoin foxanu iiy Dr N. de B. Homibxodc. 
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'Die Taranaki-Wanganui Basin (Gxnc Strait to 
Nqrih-Wbst Nblson) 

Gtnerd 

This is one of the largest of the youn^ sedimentacy basins in New 
Zealand, and has some of die thickest Tecttaiy successions. Also, it is the 

only one so far where hydrocarbons in commercial quantities have been 
found (Motorua oil field, New Plymouth, and Kapuni wet gas field). 
Although little information is published, this is undoubtedly by far the 
best explored of all Tertiary basins in New Zealand. Its size on land 
measures about 8,000 sq miles but, Indnding poctioos of Oxk Strait; 
Tasman, and Golden Bays in Nelson which appear to be off shore and 
South Island extensions of it, well over 16,000 sq miles can be assessed, 
while still more may belong to it on the continental shelf further west. 

Most of the basin is covered by young, Plio-Pieistocene sediments and 
Recent volcanics (Mt Egmont, etc.). Older Tertiary rocks crop out only 
towards its northern margin, and between Nelson and Gipe Farewell in the 
South Island. Only geophysical work and drilling have therefore revealed 
die particular subsurface condition which basically shows two very different 
areas, separated by the Tongaporutu-Patea basement high with the large 
Taranaki Fault along its western side (Lensen, 1959; Cope and Reed, 
1967). West of the Taranaki Fault, basement is downthrown 20,000- 
25,000 ft and covered t>v an almost coinplete succession from Eocene to 
Recent (Cope and Reedl, 1967). East of^ the fault, however, no Eocene 
beds ate known, and while here the Oligocene and Miocene are restricted 
to the so-called "North Wanganui Basin" (Cope and Reed, fig. 9, 1967), 
the "South Wanganui Basin" contains a thick sedimentary fill of exclusively 
Plio-Pleistocene age, which on seismic evidence reaches 17,000 ft in the 
"Turakina Syncline" (Fleming, 1953, p. 297). This recent subsidence of 
the Wanganui Basin m genml is marked hf a strongly negadve gravity 
anomaly, which is one of the most pronounced gravity features of New 
Zealand as a whole (Reilly, 1963). 

The pre-Tertiary basement is exposed north and east of the basin, and 

consists of Triassic-Jurassic sandstone, silty mudstone, grejwacke, and 
argillite of both the "Hokonui" and "Alpine" facies of the New Zealand 
GeosyncUnc (Wellman, 1956). The cores of all the wells that reached 
basement show from west to east a gradual change from shelf to uckl 
fades, with a clearly discernible incresse in mebunocphic reaystallisatioa 
(Cope and Reed, 19o7). The basement west of the Taranaki Fault has not 
been reached, but according to Cope and Reed it probably consists of Lower 
Paleozoic sediments and granite, comparable to the prevailing basement rocks 
in north-western Nelson; in the latter area, whioi can be considered the 
direct southern conttnuation of western Taranaki, an older, largely "stabil- 
ised" pre-alpine structural element, including large granite masses, is over- 
lain immediately by the deposits of Tertiary tran^ression (Gdndley, 1961). 

However, the Mesozoic of the western Hokonui shelf facies, and pardcu- 
larly the higher beds of the Kawhia Syncline north of Taranaki which are 
supposedly present beneath part of the Tertiar)' basin, may not yet consti- 
tute a basement but, on the contrary, could be a prospective element in 
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the search for oil. Over 15,000 ft of Jurassic alone (Fleming and Kear, 
I960), with thick sequences of marine mudstones, siltstones, and sandstones, 
could at first appear rather attractive, for they are ver\' little indurated, and 
were never buried beneath an excessive pre-Tertiary overburden, nor arc 
tfaqr very stioaglv folded or otherwise defonned. No loiifoe rocks of aoy 
suitable amility, tiowever, are present in the whole suocessioci; and while 
some sandstones are porous and could possibly serve as a potential reservoir, 
the absence of such source beds, and particularly the large erosional interval 
subsequent to Early Cretaceous folding, are factors which can only imply 
that these rocks effectively are "basement". There could exist, nonetheless, 
tome fossil topographic highs with suitably porous rocks which, after bei^fi 
corned by younger strata, would be capdble of stsocing Tertiary oil and 
thus of acting as a *tMsemeot reservoir". 

Marine Cretaceous is not known from anywhere in western New Zea- 
land and is, therefore, probably absent underneath the Taranaki Basin. 
Transgression starts, in the northern outcrop area, with Oligocene Whainga- 
roa Siltstone and Te Kuiti Limestone, underlain locally by &in carbonaceous 
sediments containing coal seams, which have been coffelated with the 
Waikato Coal Measures. 

From the stradgraphic succession presented in Table 1, it follows that 
the Oligocene-Miocene has a combmed thickness of some 7,000 ft, but 
great variations of both thickness and litholo^- occur. As the overall 
structure is a south- to south-west-dipping monocline, however, such varia- 
tions can only be studied in an east-west direction. Lfttle iniformation is 
obtained from surface geciogf about variations in a north-south direction, 
but well sections indicate that the Mahoenui beds alone increase to about 
7,000 ft in the area of New Plymouth, while at the same latitude the l^nper 
Miocene sandstones and mudstones measure about 5,000 ft; they have oeen 
proven to be 3,000 ft thick in the Midhurst, Kapuni, Mangahewa, and 
mglewood wells (Lehner «r al., 1963). Also, most formatioos are strongly 
diachronous throughout the area. 

During the history of the basin, it apparently became di£Ferentiated into 
several units each with a distinctive stratigraphic and structural record, and 
this situation must have increasingly contributed to the generally complex 
conditions. The presence of growth structures, both as anticlines and faults, 
is suggested from various information, and some of them appear to be 
active to the present day (cf ., Marton and Mt Stewart anticlines and wdl 
sections, Felomeyer et al., 1943; Te Punga, 1957). In particular, the 
Patea-Tongaporutu Basement High was probably active for a ver>' long 
time from the Eocene onwards, while more or less simultaneously the 
Kapuni anticline in front of it gradually rose, but ceased to be active 
before Middle to Upper Miocene (Watt, 1965). The Uruti wells which 
wete drilled on the High itself some distance further north penetrated only 
a reduced section of Miocene before reaching basement (Lehner et al., 
1965), whereas to the south not e\'en Miocene is present on this High; 
here the Pliocene Wanganui Series apparently transgressed the uplifted block 
(Lensen, 1959). This structure has since remained dormant, but was still 
perhaps partly emergent, or at least very shallow, during the Lower Pliocene, 
as is suggested by sedimentary facies distributionn (Lehner ef al., 1963). 
General tilting of the whole basin and shift of its axis continued, after the 
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Upper Micxrene, progressively soathwards. East of the Patea-Tongapotutu 
High, the large Wanganui Basin proper came into being due to strong sub- 
sidence of the area between Wanganui and the Ruahine Range. Pliocene 
sediments at least 15,000 ft thick have been measured in the Rangitikei 
Valley by Superior Oil Co. geologists (Fddmeyer «t ai., 1943; Fleming, 
1953), oo top of which another few thousand feet of Lower to Middle 
Pleistocene beds are found, still partly marine. Fleming (1953) has 
desaibed and discussed in much detail this succession, establishing or 
redefining a number of stages, groups, and formations. 

In southern Taranaki west of the Patea-Tongaponitu High, a thick 
subsurface sequence of Eocene sandstones with interbedded clays and 
coal seams was found below the Mahoenui and Te Kuiti Group sediments 
(Kapuni wells, Inglewood-1, etc.; Watt, 1965). In the type section, this 
Kapuni Formation is more than 3,000 ft thick, and over 4,600 ft of it 
were penetrated in Inglewood-1 (Suggate, 1965) ; but basement has not 
been reached. The age from pollen is mainly Bortonian-Kaiatan, but 
may reach up into Runangan (Mclntyre and Harris, 1961; Mclntyre, 
1962; Mclntyre and Norris, 1966a) ; it is thus wholly Upper Eocene. The 
dq)0^ are said to be lagoonal to deltaic near the edge of the encroaching 
Eooeoe sea. Although the sediments are mainly of freshwater origin, it has 
been argued that a marked increase in organic sulphur about 2,500 ft below 
the top of the Kapuni Formation, both in the Kapuni-2 and Mangahewa-1 
wells, indicates marine conditions during deposition of these beds (Su^ate, 
1963); the presence of dinofiagellates in inglewood-1 still further ckiwn 
in the section, at a depth of 15,200 ft or 3,200 ft below the top of 
the formation, provides further evidence of a marine, perhaps brackish 
estuarine origin of the corresponding shales (Mclnt}'re and Norris, 1966a) ; 
no coal was encountered in Inglewood-1 between 14,650 ft and 16,600 ft, 
i.e., in the lowermost 2,000 ft (Suggate, 1965). 

As transgression progresses further to the north, the Kapuni Formation 
apparently becomes gradually younger and passes laterally into the Waikato 
Coal Measures and Mangapehi Sandstone of the Te Kuiti Group, which 
together represent its facies equivalent in the outcrop area to the north. 
Sediment transport was evidently from north and north-east, at least up to 
the Middle Miocene, and although the Oligocene formations can be traced 
continuously through to the Wai^to, there was, most of the time, a narrow 
threshold between the two basins, which generally was very shallow and at 
times even emergent (the **Piopio Threshold", Hay, 1967). 

Southwards the Taranaki Basin is supposed to be continuous across the 
western Cook Strait and into northern South Island. Here tectonic dis- 
turbances have been stronger, however, and the Lower Pleistocene gravel 
cover is extensive; only minor remnants of the Tertiary sedimentary sequence 
are ei^>08ed around Tasman and Golden Bays. The basal portion again 
consists of (Upper) Eocene coal measures, the so<aUed "Quartzose Coal 
Measures'* dF du^gate (1930) which, east of the Wakamarama Fault, rest 
on Paleozoic sedimentary, metamorphic, and igneous rocks. Their thickness 
varies considerably over very short distances from 0 to 1,600 ft, and while 
this could suggest subsequent tectonic movement and erosion, the coal 
measures pass upwards with no observable break into Oligocene marine 
beds (Suggate^ 1930). Upper Eocene in a marine fades is known from 
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a poodjr esmosed, vertical series near Nelson City, consisting of a fossili- 
ferous, dark and massive, marly mudstone with calcareous concretions 
(Bruce, 1962). Upwards the Eocene passes into Oligocene to Lower Miocene 
limestone and calcareous, argillaceous siltstone which locally ^rade into 

llieae beds are overiain with « ^o&Mt occtk and 
Ssoaafonnitjr bjr Altooian ^Middle Miocene) muditone (Sprigg et al., 
1965). The total thickness of Oligocene- Miocene sediments in these land- 
ward areas is little more than 1 ,000 ft, but possibly it is somewhat reduced 
tectonically due to drag and faulting in these complex graben-type struc- 
tures which form the southern extension of the Golden Bay and Tasman 
Bay eadMymeats. Nbftfawatd, however, the thidmets incieues rapidly, as 
the batement is plunging oflF shore (CMker, 1959), and seismic investiga- 
tioDS have recorded a Tertiary sediiaeat thickness of 6,000-11,000 ft off 
Farewell Spit (Sprigg €t al., 1965). 

West of the big Wakamarama Fault, the Cape Farewell peninsula is 
formed by an uplifted and tilted basement block covered with thick Upper 
Cretaceous coal measures. This Pakawau Group (Su^ate, 1956) is formed 
by 5,000 ft of Maestrkfatiaa (Couper, i960) fimwatcr conglomefates, 
sandstones, and mudstooes with local coal seams, which rest on PaleoHMC 
baseoMnt wiiich mdudes granite introsions. Apf»rently there is no break 
upwards in the sedimentary succession, the uppermost portion of the 
Pakawau Group (Farewell Formation, 600 ft) probably being Palcocene 
and Eocene in age and thus correlating in part with the "Quartzose Coal 
Messutes". It is, in tom, ooofonnably overlain fay the murme, glauomitic 
sandstones, mudstooes, and limestones of the Oligocene to Lower Miocene 
Westhaven Formation. Thus this uplifted block to the west represents 
a s^arate province with respect to tectonic evolution, and as such may 
well extend further north along the western shelf, perhaps as far as 
o£F-shore Taranaki. 

Th€ Distribution of Frospectivo OH Pormatiofu 

As this comparatively large area comprises several blocks, each with a 
very different history, the presence and characteristics of potential source 
and reservoir rocks, too, will be controlled to a great extent dilferently in 
the various sectors. The dq>osition of formations and the distribution of 
fades have oontinttously been influenced by co n te mp oraneous tectonic 
activity over much of the area; growth f anils have been active over long 
periods, and slowly growing anticlines have contributed to the cOfflpiex 
conditions, which can be traced here only along very general lines. 

As migration of oil from older Tertiary formations would have been 
limited by the major faults, and influenced also by the generally southward 
tilting or Iht blocks, prospects in the Sotah Wanganui Basin are restricted 
to the Pliocene not only in respect to potential reservoirs, but also regarding 
the source of the oil*. As the Flioceoe in general was a period of persistent 



♦This holds true unless Middle to Lower Tertiary exists somewhere downdip oflF 
shore to the south-south-west. This, however, is not very likely, and nothing is at 
present known from that area apart from the existence of a Lower Tertiary faulted 
Outlier at Otaihinga near Paraparanmu, and another one at Picton. 
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shallow-water conditions in this area, numerous clean, porous sandstones 
have resulted. Differential subsidence, periods of stand-still and local 
emergence with conseqiient shote-line migrations, and d^osttion of shoal 
and beach sands, shell oeds, and other strand-line deposits (Fleming, 1933) 
must have contributed to establishing excellent conditions for stratigraphical 
traps. Several thick, impermeable siitstones and mudstones should form 
adequate cap rocks for possible oil and gas accumulations, while total 
thickness and overburden must, bejrond doubt, have provided fiavoiuable 
coaditMXis for the genecation of bfduxxaubons, if source rocks are present in 
the lower part of the section. In fact, porosities of over 30%, with 
permeabilities around 400 millidarcies, have been measured by Superior Oil 
Co. (Feldmeyer et al., 1943) in the Lower Pliocene, particularly of the 
Ranffitikei Vall^ to the east, and the intercalated Taihape Mudstone was 
coondered a most likely soorce rock. 

However, it is mainly this question of the presence of adeauate and 
infficiently wide^cead source material which here is diaputabte. As it 
appears, the ovendl picture of the Pliocene succession in the Wanganui 

Basin with its generally well agitated shallow water environments, provid- 
ing a good oxygen supply for most of its sediments, probably is not 
favourable for the formation of oil source rocks. On the other hand, the 
negative results of the four deep holes drilled in the southern part of the 
belnn do not seem to di^rove entirely its diances of containing local oil 
aocnfflulations elsewhere. These wells are located on basement highs where, 
as is particularly the case with the Superior Oil Company's Stantiall-1 and 
Young- 1 wells, the sedimentary section is considerably reduced, lower 
members being developed in brackish to littoral facies and/or cut out 
completely, so that it may well be that these structures are just buried 
topographic hills. However, tfaete is also the possibility of folding and 
faulting beii^ contemporaneous with sedimentation, and therrfoce much 
thicker and more complete sections, including potential source rocks, might 
be expected down-flanlc in the deeper, synclinal parts of the area. Consistent 
with this interpretation are the seismic contour lines which indicate a 
flattening of stractnnd leatmces hi^er in the section, i.e., increased closure 
with dq>th and up to l4,000-l7,000-A;-tiiick sections adjacent to stnic- 
tnral crests. This, admittedly, could also be due to a draping effect over 
buried hills, but the very sharp basement relief and the shape and dimen- 
sions of these structures suggest a tectonic origin contemporaneous with 
deposition, rather than their being the product of pre-Pliocene erosion and 
baaanent topography acTcompltshed befora subsequent burial. The present- 
dif actxve growth of these and other stmctmns in the area {Te Punga, 
1937) is consistent with this picture and points to continued tectonic 
activity of the same kind, even at an accelented rate in Recent times as 
compared with the Pliocene and Pleistocene. 

This particular situation — a structurally distinct area with locally restricted 
but well pronounced troughs and highs, which possibly are pre-sediment 
intra-basement features but most probably were growing during subsequent 
sodimenhtfion — is definitely thought to wartant nuther invest^^don. Thick 
sections of Lower Pliocene are indicated by seismic evideoos only a short 
distance away from the highs; here c(Miditions mav have been favourable 
for the formation of source rocks, while stratigraphic traps up-dip on the 
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flank of the structures could be present and constitute a most likely taiget, 
but none of these deeper parts hss ever been tested. 

In this area there is, in addition, the problem of llushing. From the basal 
sand in Stantiall-1, at 6,800 ft, a small quantity of very fresh witer 
(428 p.p.m. of NtQ) was r eco Y ged, while upon testing widi t formatioa 
tester at Young-1, sands bet w een 3,125 ft and 3,155 tt which had given 
off a very faint petroliferous odour when first cored, recovered water with 
no obvious gas cuttings and 3,420 p.p.m. of NaCl. With the intake area to 
the north and north-east and a regional dip to the south-south-west, it has 
been concluded diat flushing occurs in this dircctiOD. If} tiberefcMC^ cntta|>- 
ment under hydrodynamic conditions prevails (King Hubbert, 1953), a 
tilting of any oil/water contact could result, or even displacement of oil 
accumulations to the southern sides of structures. Also, it might be expected 
that stratigraphically lower sands which only exist in the deeper parts and 
wedge out aeainst the highs would not be aflected by this flushing. Quite 
gently unoer these conditions, centre areas of the basin could sdU yidd 
oil even if structures near the border of die basin are devoid of it, becsuse 
all their original content of hydrocarbons (and salt water) have been dis- 
placed. 

In the North Wdnganui Basin, the basement is overlain by Ol|gocene 

and/or Miocene (Cope and Reed, 1967, fig. 9; Hay, 1967). Erosion has 
cut well down into the sequence here, and the only prospective rocks are 
found in the Miocene Mokau Group and possibly in some basal sand- 
stones of the Te Kuiti Grou|>, which correspond to the productive Kapuni 
Formation in the southern Taranaki Basin. The Te Kuiti Limestone where 
it is mainly composed of shell fragments can be considered a possible, 
although poor reservoir rock, but it appears to shale out towards the south. 
During the Upper Miocene, on the other hand, sedimentation was rather 
rapid and the various sandstones therefore too argillaceous to form good 
reservoirs. 

The Mc^u sandstones which particularly are developed in the west, 
are weU bedded to massive, marine sandstones of fair to good porosity 

and widespread extension. A western sedunent source (Tasmantis) b^an at 

this time to be influential, while to the east the Ohura Fault was active and 
the uplifted eastern portion supplied sand and mud to the western lagoons. 
Paralic conditions developed adjacent to the fault and interbedded coal 
measures were deposited; but with new subsidence the transgressive seas 
allowed the v^per Mokau sandstones and later the Mohakfitino to overlap 
eastwards on to the Mahoenui Mudstone (Hay, 1967). Reportedly, rather 
common oil and gas indications were found, mainly in these upper Mokau 
sandstones in the old Prospect Road wells, drilled in 1928-30 north 
of Whangamomona (Watt, 1965). Gas analysed from Bore No. 1 of these 
wells contained 92*9% methane, and 1-8% ethane, besides 5*3% nitrogen 
(Ross, 1967, p. 45). 

Pbss3>]e source rodb are found in the Mahoenui Group with its thick 
ffludstones, and in the Middle Mokau. A Mahoenui Mudstone sample from 

near Taumarunui yidded upon analysis 35-9% volatile hydrocarbons, while 
another mudstone sample from the Maryville Coal Measures (Middle 
Mokau) at the old Egmont Collier)', Tangarakau Gorge, produced in 
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addition to 36*6% of volatile hydrocarbons a quantity of oil equimdent 
to 29*3 gallons per ton of mudstooe (Elphick, 1939). 
In tiie Taranal^ Basin two focmations have proven productive so far: 

1. The Lower Pliocene Matemateaonga Formation in which the Motiiroa 
Oilfidd is located near New Plymouth, where drilling based on surface 
seepages had started as early as 1863. Nearly 30 wells have been 

drilled there over the years, and a cumulative production of some 
200,000 barrels of oil and in excess of 65,000,000 cu ft of gas has 
been obtained (Lehner et al., 1965). Most wells have produced from 
an interval 2,100-2,300 ft deep which contains several oil4>earing 
sands, and presently yA wells are pumping a daily production of about 
11 bands of oil. 

2. The Upper Eocene Kapuni Formation which in a faulted, anticlinal 
dome has formed a reservoir capable of producing 60 MM cu ft/d of 
gas and initially about 4,500 bbl/d of condensate (Watt, 1965); this 
reservoir lies between 10,500 and 12,000 ft below sea level. 

The source of the oil is thought in both cases to be the Kapuni Formation, 
but little is actually known about conditions in the Moturoa £idd. There 
does not appear to be a real seal, and its production characteristics suggest 
a continued supply from deeper horizons, probably along fractures which 
have formed around the Sugar Loaf intrusions. These Pleistocene andesites 
at least seem to have controlled the growth and shape of the structure 
to some extent, while at the same time they could be responsible also for 
the subsequent escape of most of the original oil and gas content in <dder 
rocks. 

Apart from the Matemateaonga Focmation, potential reservoir rocks could 
possibly be found in the Mt Messenger, Mohakatino, and, particulady, the 

Mokau sandstones. The last named are undoubtedly the most prospective 
ones judged by their characteristics in surface outcrops. They are thick and 

£ artly massive-bedded, of fair to good porosity, and cover a comparativdy 
irge area. As with most otto sandstones, however, thdr distribution and 
qualities are to a great extent governed by the general unrest of the area, 
witii shifting shore lines and delta fans bein^ &iilt out at varied d^giees 
from north-east and west-north-west, by changmg sediment supply and vary- 
ing velocity of subsidence. Particularly the ddtaic character of such sand- 
stones (cf. also the Kapuni Formation) suggests comparativdy wdl pro- 
nounced boundaries between Utho-fades, and the probably lunited areal 
extent, subsurface^ of sandstones of good reservoir qualities. 

The Kapuni Fonnation, the oldest focmation so far recognised in the 
basin, has proven productive in the Kapuni structure, wlule good oil and 

gas indications were actually encountered in most other places where this 
formation was drilled into. However, permeabilities are either not good 
enough, or structures not sufficiently closed; Mangahewa-1 drilled in I960 
produced gas and condensate on test, and although the gas contained less 
caibon dirndde than Kapuni, large quantities of water were also prodixed 
and the reservoir was merefore classed as non-commerdal (Watt, 1965). 
Also in the Kapuni fidd, a top section of some thousand feet of the 
Kapuni Formation is tight, and much of the underlying formation is 
argillaceous sand and also unproductive. The fact that the reservoir itself 
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is only part full, points to athet «i inadeqiiate soofce or pennesbOitf 
bAfricrs alodg the migration path, or pttfatps Uifter tilting which simul- 
taneously increased closure but interrupted further migration (Watt, 1963). 

As mentioned before, the Kapuni Formation here is considered a deltaic 
to lagoonal deposit, and the producing sands could possibly be tidal channel 
fills. As the Taranaki Fault was probably active during most of the time, the 
formation may thicken eastwards towards the fault-angle depression, but at 
the same time its reservoir qualities probably decreue due to more mushy 
conditions and deposition of clayey material. Cool seams and carbonaceous 
shales have been found intercalated in all sections of the Kapuni Formation, 
and these have by some authors been thought to be the primary source of 
the oil and gas (Rogers, 1964, 1965). Whether or not this is true is still 
a matter of speculation. While the world over, some oil is definitely known 
to have its origin in fresh water and terrestrial dqxMits (Hedbere, 1964), 
this is probably more often due to a parallel development with the fonnatioii 
of coal. Wherever abundance of organic matter exists — and this is a par- 
ticularly common situation in transgressive, paralic environments in general — 
it depends on the conditions of deposition, preservation, and transformation 
of this organic matter whether it is converted, in die course of geologic 
time, into faydrocufooos in some cases and into coal in otibers (riilona, 
1967). 

It is probably safe to assume the oil and gas in the Kapuni Formation to 
have originated within this same formation; but instead of a source in situ 
by coal metamorphism, it is more likely according to Watt (1965) that it 
has migrated into the trap from a down-flank source in a more shaly, 
perhaps also marine fades. Deeper parts of the basin, and structures lying 
nearer the basin centre, would therefore be of particular inteiest; DOtb 
source rode and reservoir chancteristics are likdy to improve below the 
southern Taranaki shelf. Tertiar}^ sections perhaps up to 20,000 ft thick 
can be expected in western Cook Strait (Sprigg et al., 1965), many of them 
marine, so that the up-dip portion towards Golden and Tasman Bay with the 
"Quartzose Gxd Measures" at their base, which contain good sands, it 
also hig^y prospective. 

West of the Wakamarama Fault, the Upper Cretaceous Fakawon Groim 
of Cape Farewell Peninsula includes excenent sands, too, and companble 
dq)osits further south along the West Coast are known to be oil-bearing 
(Young, 1967). It offers good prospects particularly along the shelf north 
of Cape Farewell, where an uplifted block with characteristics possibly 
very difierent from those in the Taranaki Basin proper, but not the Icsi 
interesting, could extend to a considerable distance. Potentkd oil source 
and reservoir beds can be e9^>ected here to be present both in the Upper 
Cretaceous and the Lower Tertiary. 

The West Coast Basins 

Although Tertiary sedimentation extended south from Nelson and 
Golden Bay across most if not all of north-western South Island (Mur- 
chison, Westport, Greymouth, and south to Ross and further), corresponding 
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sequences have been left intact only in minor, relatively isolated depres- 
sions and along fault wedges. Strang defonnatkm and widespiead erosion 
over mndi of the oountiy have temoved Tertiary sediments from most of 
the hiigh-lying adages, where they had foaned a virtually continuous sedi- 
mentary cover deposited unconformably over a varied basement of Paleo- 
zoic and Mesozoic sedimentary and volcanic rocks, granites, and meta- 
morphics. Potential oil basins, therefore, are mainly controlled by post- 
depositional, stfoctocal development Thqr ace located on land atoond the 
'VG^estport-Kamnea acea, the Murchison area, and the Greymouth area, and 
probably oocopy nnidh of tiie shelf alao along moat of the Westland coast 

In the Paparoa Ranee noctti of Greymoath, conditions when sedimenta- 
tion started were similar to those in me Cape Farewell Peninsula further 
north. The Paparoa beds, however, are somewhat older and show an interval 
of time not rq>resented in the Pakawau beds to the north. The Upper 
Cretaceous is represented by freshwater coal measures including siltstone, 
sandstone, and thick conglomerate, as well as brown, cafbooaceous mudstone. 
lids Paparoa Group is up to 2,600 ft thidc in the southern central part 
of the Range, but thins rapidly east thereof, and also westwards towards 
the coast (Gage, 1949). Deposition was in an elongated, narrow trough 
which continued subsiding during the Lower Tertiary. 

Wellman (1950) found intense leaching of the top Paparoa beds in the 
western part of the Paparoa Coalfield, and postulated an unconformity 
below the Lower Tertiary "Quartzose Coal Measures" or Brunner beds. 
Couper's palynological evidence (I960) indicated that the Paparoa Gtoc^ 
is undoubtedly pre>Hauinurian (but post-Ngaterian), thus basically Senonian 
in age. The overlying Eocene Brunner Coal Measures are up to 400 ft thidc 
in this same area, and consist of highly quartzose grit and conglomerate, 
sandstone, and coal. While the Paparoa beds are restricted to the area 
around Greymouth, the Lower Tertiary Brunner freshwater beds have a 
much more widespread distribution, lying elsewhere imconformably on 
basement The age of the Brunner Coal Measure is generally considered 
Upper Eocene, but the top of the formation at least, ^lich grades into the 
lowermost marine beds, becomes gradually younger from south to north 
(Bortonian in the south to Duntroonian in the north, Suggate, 1950). Their 
thickness is highly variable over short distances, being typically from a few 
to several hundiM feet, but exceptionally 1,000 ft as near Reefton on the 
east side of the Grey^Inang^faua depression (Suggate, 1957). They may, 
however, be entirely absent due to non-deposition or erosion, as in several 
places near Murchison where marine Upper Eocsene and also Oligocene beds 
transgress directly on to basement. 

Upper Eocene marine beds (Kaiatan-Rimangan) generally consist of 
massive, grey-brown, silty and micaceous mudstone of considerable thick- 
ness, but near Greymouth these are preceded by the IOO-600-ft-thick 
marine Island Sandstone which there rests on coal measures. The overlying 
Kaiata Mudstone thidcens eastwards from 1,700 to 3,000-^,000 ft near 
the ass of the present Paparoa anticline (Gage, 1952), east of whidb it 
thins rapidly agam, being partly replaced there by the Omotumotu sandstone 
and conglomerate formation derived from an easterly source where basement 
was being eroded. 
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The Ol^occne was a tune of widespread limestone dqMiifcioa. Port Eliza- 
beth calcareous mudstone and Cobden marly limestone represent the typical 
development in the Grqmouth area, having a combined maximum thickness 
of perhaps 1,700 ft. Locally, as near the loaneahua Junction, Oligocene rests 
practicaliy on basement (is possibly sepanted ffooi it by * few few feet of 
EoceDe) and is itself only a few tens or faniulieds of teet thick. Both tbe 
Eocene and Oligocene rapidly thidDen from there to the Westport area on 
the coast, and at least the Oligocene also thickens to the east. These changes 
are reflected, too, by the marked sympathetic rank changes of Eocene coal, 
which is thought due to the change in overburden thickness (Su^ate, 
1939). In tiie Mucdiison area, the cocfenondiog Matin Focmitioa is 
repofted to be up to 9,500 ft thick (Fjrfe, 1966), but this appsient thickness 
may paftly result from repetitions through faulting. It genouly forms higb, 
conspicuous bluffs consimng of indurated, bluish grey matb and flaggy, 
arenaceous limestones. 

The differential movements which had affected most parts of the region, 
particularly during the Upper Bocene, continued after the maximum trans^ 
gressioo or Oligocene times; (hey erased prooocinoed changes in some of tbe 
depositional btnns, leading to a rather greater dimstty of Upper Tertiary 
sediments. After the Bady Miocene, the Paparoa geosyncline began to rise 
in an incipient Paparoa Range (Wellman, 1948; Gage, 1949), while east 
thereof the Grey Valle>' geosyncline started to develop with comparatively 
strong subsidence, being filled with about 10,000-12,000 ft of Miocene, 
Pliocene, and Lower Pleistocene sediments (Dibble and Suggate, 1936). 
Hie marine Miocene and Pliocene Blue Bottom Formation is composed of 
dayqr, blue sandstone and siltstone, glauconitic sandstone, shell -limestone, 
conglomerate, terrestrial sandstone, claystone, and lignite. While Miocene 
beds are present on the west side of this Grey-Inangahua depression, they 
are non-existent east of the Reef ton area to the north of the Grey Valley, 
where white quartz sand, silt, and conglomerate with limitic wood of 
Pliocene ag^ rest uiuDonf ormabiy on Upper Bocene to Oligocene beds 
(Suggate, 1957). 

The Pliocene is followed conformably by Lower Pleistcxrene gravels 
(Old Man Group) which here are 5,000 ft thick. Further south, the Early 
Pleistocene sequence includes minor sand, silt, and lignite as well as glacial I 
till and gravel. It is conformable with the Upper Tertiary, having been 
folded and eroded before Late Pleistocene glacuu and fluvu^ doKMitioQ 
(Bowen, 1967). 

The Murchison Basin, which in Oligocene times had already experienced 
particularly strong subsidence, developed into the dominant feature during 
the Miocene and Pliocene when some 20,(3(10 25,000 ft of sediments were 
deposited (Fyfe, 1968). Of these, the Mangles Formation, conformable 
or with only a minor disconformity over the Matiri Formation, accounts for 
12,000 ft and is subdiyided into a lower portion witii mainly thin-bedded, 
alternating sandstones, siltstones, and mudstones, and an upper portion 
which consists of massive sandstone nnd local massive siltstone beds; the 
siltstones in the lower, alternating beds are all calcareous but the formation 
as a whole is basically non-calcareous. On the western side of the basin the 
Lower Mangles is, however, represented by thick sandstone beds with only 
minor, thin shale-silt partings. In contrast with the -dirty, dense, an4 
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greenish grey Upper Mangles, this sandstone is quartz-rich and light grey, 
somewhat micaceous but lather well sotted, and dearly derived from w 

Victoria Range granite to the west. This facies is 4,500 ft thick aloag the 
Maruia River, and well exposed at the Maruia Falls; it seems to pass east- 
wards into the thin bedded sand-shale sequence typical of the Lower Mangles 
of the central basin, which is reported to include turbidites. 

While the Mangles Formation is still marine, the Longford Formation 
which conformably overlies it is mainly terrestrial but does not include 
estuarine beds at its base. It is cfaatacteristicaUy conglomeratic, with 
tiikjk, massive conglomerate beds s^rated by sand-siltstone, and car- 
bonaceous shale with some coal seams. The conglomerates are hard and well 
cemented with a sandy matrix. The pebbles are mainly greywacke, quartz, 
granite, sandstone, and mudstone. Leaf impressions and plant fragments 
are abundant in some of the shaly intercalations. The age of the formation 
is Upper Miocene in die Lonsfora Svodine, while die beds in the Upper 
Manila Syndine east of the Upper Maroia River, the younger of which 
contain schist-beating conglomerates and therefore are correlated with the 
Old Man Group, are prmbly of Late Miocene to Early Pleistocene age 
(Bowen, 1964b). 

Prospective Oil Formations 

Oil and gas seepages are known from several places in the region, and 
ft number of oil ei^ocatory wdls have been drilled, although unsncoess- 
fidly. Modi subsurface infocmation has also been obteined from hundreds 
of boreholes sunk for coal. In Pleistocene gravels at Kotuku, 15 miles south- 
east of Greymouth, the largest oil seepage in New Zealand is found, and had 
already led to a considerable number of wells being sited nearby in the early 
years of this century, between four and six of them having reached the 
basement (Morgan, 1911; Henderson, 1934, 1937). 

The best reservoir rocks are undoubtedly found in the quartzose sand- 
stones of the Upper Eocene Brmmer Coal Measures. Although generally 
aikosic and somewhat micaceous, they are rdativdy dean and well sorted, 
with apparent porosities that can be rated as fair to good. Cement of vary- 
ing amount is generally kaolinitic, sometimes quartzose, and rarely calcitic. 
Individual sandstone bodies can be up to several tens of feet thick, and 
are intercalated with carbonaceous shales and coal. 

A similar description would apply to the sandstones of the Upper 
Cretaceous Paparoa Coal Measures, although in general they are less 
quarteose and less wdl sorted, thus of a somewlut inferior quality as 
potential reservoirs. Th^ are nevertlidess quite proq>ective, and in the 
course of coal mining activities the presence or petroleum and its widespread 
distribution in both the Upper Cretaceous and Lower Tertiary coal measures 
has become more and more evident throughout the Greymouth Coalfield 
(Morgan, 1911; Gage and Wellman, 1944; Gage, 1952; Young, 1967). 
However, the Pinaroa Coal Measures are rather limited in extent as has 
been shown by the well log of Tatamakaur-1, drilled near the coast only 
8 miles south-south-west of Greymouth, where Eocene beds re^ directly 
on basement (Mclntyre and Norris, 1966b). 
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The mftrine Isbmd Saodstooe above tlis coal measaces is fine grained 

and dense, partly glauconitic and calcareous, so that its potential as 
a reservoir is probably not very great. Sandy members of the Kaiata 
Formation, on the other hand, and particularly sandstones of the Omotumotu 
Formation which replaces the mudstone to the east, contaia fairly porous 
lodc types; sooie dry gas and bracktsfa water was found in the latter in the 
Kumara well (SFL-1, Lefaner et d., 1963). The Oligocene Cobden Lime- 
stone is in places quite porous, being a sandy to gritty, foraminiferal and 
glauconitic limestone of sugary appearance. Traces of oil are fairly common 
in this limestone on the crest of the Kumara dome (Watt, 1965); in the 
Marsden well (SFI^2, Lehner et d., 1963), however, the limeitiQiie was 
found to be thin and non-pocous, and without any trace of oil or gas, while 
in the Kawhaka well it is absent, possibly due to pre-Miocene erosion. The 
limestone shows good porosity in the Kotuku anticline, but contains only 
salt water under relatively high pressure. As the oil at Kotiiku is contained 
in near-surface Pleistocene gravels, it has possibly seeped up alone the fault 
which cuts across the dome, as auggerted by WeUisan {m ENbble and 
Suggate, 1996), while older formations wtmld ha^e been completdy 
flooded. It may be derived originally from either this Cobden limestone^ or 
from Eocene beds more basinwards to the west. 

Beds younger than Oligocene are generally dense, being mainly clay-silt 
as in the Blue Bottom Formation of the Grcymouth area, or composed of 
tight and well cemented sandstone and conglomerate as near Murchison. 
Only the quartsose sandstone of the Lower Mai^^es Fbcawtion in the 
Maruta valley could be considered a potential oil formation among Upper 
Tertiary strata, but its structural situation is entirely unfavourable. The 
same can be said of the Longford conglomerates in the Upper Maruia 
syncline, on the north-western flank of which a line of oil seepages is 
reported near their contact with basement, which may be a normal overlap, 
or pechaps a fault (Fyfe, 1933). 

Proq>ective formations^ therefore, are 
Tertiary and Upper Cretaceous, and wherever the stmchual sitnatiQtt is 

favourable, efficient cap rocks are also present. However, the pronounced 
and rapid changes in litho-facies often make a regional assessment rather 
difficult, and this the more so as the complex tectonic history has affected 
oil migration patterns through time in a way not easily discernible. Perhaps 
this is the mam problem of the region, and could eiplaui 'wAif some of the 
best reservoir rocks in all New Zealand — and this in an area of plenty of 
oil indications — are just barren and dry, as for example the Brunner quartz 
sands on some good structures along the southern plunge of the main 
Brunner anticline. As this was a trough of lon^-lasting subsidence, oil 
may have been forced out of it and migrated up-dip before the Miocene 
imuft and erosion, and may therefore have been no logger available within 
the new drainage areas of subsequently formed anticUnei. 

Since many oil indications, seepages, etc., in the r«;gion occur in taod* 

stones belonging to the basal coal measures far below the first marine 
beds, the most likely source of this oil should be looked for in the coal 
measures themselves. This would particularly be the case with the oil 
recently reported by Young (1967) from the Paparoa Group, which is of 
fairly widespread occurrence and generally contamed in lensoid sandstones 
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at the base of the Eewanoi Fomuitiofi, undaiam by the Waiomo Mudstone. 
Dade brown or bcoim-grejr silt-mudstone foffnations, in some localities up 
to 500 ft thick (Gage and Wellman, 1944), separate all four of the coal- 
bearing formatiwis of the Paparoa Group, and carbonaceous shales are 
quite plentiful in both the Paparoa and Brunner beds. Apart from leaf 
impressions and other plant fragments, the Paparoa mudstones have yielded 
lare specimens of the ficshwa|er moUosc HjridtlU (Gage, 1952). thef 
are therefore considered to be fntirely of freshwater origin. Indigeooos oil 
would thus be of a non -marine origin, but it is probably not necessary to 
advocate coal metamorphism for its generation as did Rogers (1965). In 
fact, oil shales associated with the coal measures have been reported by 
Morgan (1911) who gave the analyses of two samples with 45*63% and 
33*37% ¥olatiw hydroaubons, respectively; the latter san^e, collected in 
the neighbourhood of a coal seam of the Bcoanet beds north of Blackball, 
yielded by distillation 22*7 gals/ton of oil and tar. A sample from Cobden 
(Elphick, 1939) had 27*5% volatile hydrocarbons, and oil was obtained at 
11-6 gals/ton*. 

Lower Tertiary marine beds, particularly the Kaiata Mudstone, have often 
been referred to as possible source rocks for petroleum. However, while 
tfaetr dack colour, pynte oooaetions, and spataeoess of fossils perhaps indi- 
cates a suitable facies, the actual amount and type of organic matter m these 
mainly fine-silty and micaceous deposits are unknown and probably not 
everywhere as great as has been thought. Their great thickness and wide- 
spread occurrence, on the other hand, are certainly a positive factor. 
Prd>ably, therefore, both the Upper Eocene mudstones and Oligocene shaly 
limestones and maris should be considered as a possible sonroe. Pacticulariy 
in the Murchison area, where coal measores are mudi less developed, di^ 
are likely to be of considerable importance in this respect, being extremely 
thick in places, and more like bituminous shales than elsewhere. According 
to Fyfe (1928, 1968) both the Maruia and Matiri mudstones and marly 
shales, throi^hout sequences of many thousands of feet, ''smell strongly of 
oil on fresh nactoring . 

No rocks younger than Oligocene can be regarded as a possible source 
for petroleum in the West Coast region. 



The East Coast Basin (North Island and North-east 

Marlborough) 

This potential petroleum basin extends all along the east coast of North 
Island, where it covers a belt about 50 miles wide and 300 miles long, i.e., 
a total area of some 15,000 sc^ miles. It is bordered in the west by the 
basement oiitaco|> of the "Mam Range", which consists of Permian to 
Jurassic sediments; this greywacke suite is sevecdv distorted and folded, 
highly indurated, and somewhat metamorphosed. To the extreme sou^ in 
southern Hawke's Bay and Wairarapa, Jurassic to Lower Cretaceous base- 
ment slices are e3^>06ed east of the "Main Range". 



♦According to Dr R. P. Suggate (N.Z. Geological Survey), pen. Comm., diesessmfde* 
are probably not oil shales, but high-ash caoneloid coals. 
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P i Olpec Uve foonations are present within a thick Upper Cretaceous to 

Tertiary sequence, which is entirely marine and basically continuous, and 
reflects a pattern very different from all the basins along the west coast of 
New Zealand. The geological history is very complex; local unconformities, 
deleting stages and series, and capia fades changes over short distances are 
vec7 common. On the other hand, sequences of monotonous lithologjr often 
spux several stages. Such handicaps to Utfaologic subdivision are so pro- 
nounced that most geological mapping, particularly in the northern area, 
has been practical only on a time-stratigniphic basis, i.e., with the help of 
fossils. 

No unambiguous, convincing interpretation has yet been offered of the 
tectonics of the East Coast Bdsin. Analysis and interpretation o{ the 
tectonic evolution are coo^licated by: (a) the great YBtittf of interfering 
structures, (b) unusual structural conditions and features such as place- 
ment domes and clay diapirs which are possibly related to basement wrench 
fault tectonics (Kingma, 1958c; Ridd, 1964), (c) growth structures which 
developed slowly through long periods of time contemporaneously with 
depositi(Mi, and (^) the possible occurrence of large-scale gravitational 
slumping which loc^ly may have contributed to the complexities of the 
area (Sboacky, 1962). 

Indications of the presence of petroleum are numerous: good oil seep- 
ages, gas emanations, mud volcanoes, salt water and hot springs, and od- 
stainecT and oil-smelling rocks are of widespread occurrence. Oil seepages 
are particularly common in the East Cape region north-east of Gisborne, 
where Maori inhabitants knew of oil before European settlement, and 
active exploratory engagements 1^ the new immigrants began as early 
as 1874 (Adams, 1910; Henderson and On^ey, 1920; Clapp, 1926; 
Ongley and MacPherson, 1928). Since 1926, 11 wildcat wells have been 
drilled in the general Gisborne area, but so far only one, Opoutama-1 
drilled to 12,000 ft in 1967, has gone well below the base of the Tertiary- 
to test a thick Upper Cretaceous sequence. Structural and drilling difficulties, 
the latter mainly due to stea> subsurface dips encountered and the plastic 
behaviour of a thick Eocene nentonite sequence, prevented deep-drillmg in 
the past. This is now no problem, provided driUmg is conducted carenilly 
and on appropriate locations. 



Stratigrapby 

In Late Jurassic to Harly Cretaceous time a major diastrophic cycle, the 
Rangitata orogeny (Kingma, 1959; post-Hokonui orogeny of Wellman, 
1950) concluded the geological history of the New Zealand Geosyncline. 
Subsequently, the depcaition of Cretaoeous and Tertiary rocks was largely 
restricted to baans and troughs of a more local character and limited 
extent. Of these, the East Coast Geosyncline, which extends along the 
east coast of the North Island and into the north-eastern part of the 
South Island, is the largest. Intermittently and particularly in its early 
history, it received sediments both from the west and the east (Kingma, 
I960). Internal differentiation into tectonically controlled basins of 
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° particularly deep and rapid subsidence, and constantly changing dimensions 
^ related to the increasing tempo of overall deformation, controlled local 
^ deposition patterns of great complexity. These, however, have been worked 

i out only to a very limited degree. 

* In the East Cape region, the Cretaceous sequence is exposed mainly 

* in the Rauiaimara Range, but Cretaceous sediments also outcrop in the 
striking Te Pda domal stnictuces south of Ruatoria, to within a tew oiiles 

\ of the east coast (Kiogma, 1963). An account of stratigraphic relations 
has been given by Wdlman (1959) who, mainly on the basis of sequences 
of Inoceramus species, divided the sequence into four series and 12 stages. 
All of this Cretaceous is represented by a sand-shale facies, but apparently 
much lateral variation occurs within the area. According to Wellman, the 
Clarence Soies (Albian to Ccnomanian), and moce madcedly the Ran- 
kumara Series (Turonian-Senonian), grade soudiward from redeposited 
alternating silt-sandstone beds to massive shelf sandstone. Wellman also 
considered that a more pronounced change of fades would occur at right 
angles to the geosynclinal axis. 

Complex lithofacies variations apparently occur in the Taitai Series which 
underlies the Clarence Series; although outcropping at widely scattered 
localities, a general scarcity of fossils and incomplete sections in structurally 
complicated {>ositions have made it difficult to document the sequences. At 
Mount Taitai, in the Tapuaeroa valley, the massive but unfossiliferous 
Taitai sandstones, grits, and conglomerates are underlain by dark, crushed 
mudstone which is Wellman's ty-pe Mokoiwian Stage, the lower of the two 
stages comprising the Taitai Series. The Mokoiwian is thought by Wellman 
(1939) to be the oldest of the Cretaceous stages and would axrdate 
iupproximatdy with the Aptian. Whereas Macpherson (1946) postulated a 
thrust-plane at the base A the Taitai Sandstone, Wellman considered the 
sequence to be normal and continuous. Yet it remains uncertain if the 
Taitai Sandstone really belongs to the Korangan Stage, the higher of the 
two Taitai Series' stages, which has its type locality at Koran^a about 
60 miles 90oth*west of Mt Taitai. The type Koranga Sandstone is lithologic- 
ally different and consists oi massive, muddy, and fine-grained sandstone, 
locally laminated, containing scattered lenses and pockets of ]>ebbly mud- 
stone and intraformational breccia. It grades into and is overlain conform- 
ably by sediments of the Urutawan Stage (Clarence Series), but its base 
has not hitherto been considered to be exposed. However, the field relation* 
ships and a basal conglomerate indicate that the type Korangan Sandstone 
is probably separated from the underlying, distinctive diin-bedded grey- 
wackes by an angular unconformity (I. G. Speden, pers. comm.; and per- 
sonal observation). At Koranga Falls, just over a mile to the west, the 
Urutawan sediments rest directly on the older greywacke rocks with a sharp 
and clear-cut angular unconformity of some 80°. The nearly flat-lying 
Urutawan at this locality is composed of an alternating mud^one-sandstone 
sequence with diidc and massive, partly conglomeratic sandstones at the 
base, grading upwards into thinner-bedded mudstones with intercalated, 
poorly sorted grits and flaggy, grey-green sandstones; these are all dense 
and dirty. Thin conglomeratic lenses are particularly fossiliferous, and 
abundant carbonaceous material (plant remains including leai imprints) are 
found in several horizons. 
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Both the sedimeataiy cfaancteristics and fanoal oootent fuggeit that the 
Koiaoga Sandstone at its type locality could rcpfcaent a local lenticular 
body bdiow the Urutawan, or perhaps a different lacies devdopment within 

the lower portion of the Urutawan (I. G. Speden, pers. comm.). Because 
of the lack of diagnostic fossils in the Taitai Sandstone in the Tapuaeroa 
valley region, apparent lithdogical dilferences between the so-called "Taitai 
Secies" sandstone units at Knraoga and in tbe Tapoaeraa imllqr, and the 
oonseqoent uncertainty of coneuition between the Kocanga and Taitai 
sandstone units, tlie omcept of tlie Taitai Series and the position of the 
Mokoiwian Stage remain rather uncertain. Likewise, the question of whether 
or not the Lower Cretaceous, i.e., in particular the Neocomian, is present, 
or how much of it is present, and the problem of tectonic evolution in 
eatikr Ctetsceoos time remain to be answered. Undoubtedly tbe unconfocm- 
ity at Kocanga Falb is of stratigraphic importance, and the mapping of 
extensive aceas as undifferentiated Taitai which may comprise largely 
unfossiliferous rocks on either side of an unconformity (e.g., Kingma, 
1965), can hardly be warranted. More work is required, especially as no 
pre-Aptian Lower Cretaceous fauna is known in the East Cape region 
(Of aiqrwfaere else in New 2Sealand), and die neareit atratigraphically Mder 
fauna is one of Puaroan age (Upper Jurassic) in the Saui^eeiie Bange, 
Bay of Plenty (Stevens, 1963). On the other hand, there is a continuous 
sequence known from about Aptian-Albian upwards, which also suggests 
that the apparent gap in the geological record is a real one rq>rescating 
major events. 

This field of research is particularly important, especially as the Mokoi- 
wian Mudstone and the Taitai Sandstone, as developed in their type locality, 

are some of tbe more attractive formations from the oil geologist s point of 
view. Wellman (1959) has noted the high organic cmtent in the originally 
dark mud of the Mokoiwian, while Pick (1962) emphasises the many hydro- 
carbon indications, gas emanations, and traces of solid residues found in 
these beds, and Ongiey and Ma<Pherson (1928) noted the distinct oil 
smdl characteristic of the mudstones, which have a thickness of several 
thousand feet. As there are lateral facies changes into lenticular sandstone 
bodies — and the massive Taitai Sandstone itself is regarded by Pick as one 
of those, which would be of deltaic origin — the possibility remains of a 
potential reservoir build-up in dose relation with the source Mokoiwian 
dark shales. 

The Upper Cretaceous Clarence, Raukumara, and Mata Series have a 
combined mickness of some 15,000 ft (Kingma, 1963), but hoe again, 
there is much lateral and vertkad fides variation. Nocth-west of Hawke 

Bay, successively younger formations unomformably transgress over steeply 
folded sediments (largely undated by fossils but attributed to Jurassic to 
(.?) Lower Cretaceous) and appear to thicken eastwards away from the 
ranges (Grindley, I960). 

The most characteristic sedimentary development is a thin and rhythmic- 
ally bedded, alternating sand-silt-mudstone sequence which often repre- 
sents a typical flysch faciei (Kingma, 1965). More massive, though 

generally dense sandstones occur intercalated in the Raukumara Series, while 
the Mata Series (Piripauan and Haumurian Stages, Campanian-Maestrich- 
tian) are mainly represented by the so-called Whangai shale facies (LiUie, 
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1953). This is a rhyolitic, tuffaceous mudstone, more or less strongly silici- 
fied, often of a creamy colour. In the Lower to Middle Haumurian, how- 
ever, thick quartz sands, grits and conglomerates and some ereensands, are 
Yery characteristic in several areas (the **Tahora sandstones' of Tablooski, 
1934), and have by many been considered a potential reservoir rock of good 
quali^. According to Pick (1962), these sandstones are most common^ 
clean and well sorted, and "smell faintly to strongly of oil when broken' . 
Their porosities range up to 28%, and permeability to 138 md. As their 
thickness may be several hundred to well over a thousand feet, they are 
certainly one of the best prospects oo the east coast However, their 
distribution is irr^;olar, and both thickness and litfaology vacy, ^i^e in 
places thqr may even be entirely absent. 

South of Raokumara Peninsula is the depression of Hawke Bay, where 
Tertiary sediments reach far inland and directly overlap the greywackes of 
the Main Range; no Cretaceous sediments are exposed here for a consider- 
able distance. Still farther south, structural conditions chance profoundly, 
and where the Cretaceous is exposed in Southern Hawke's Bay and 
Wairarapa it occurs in elongated, upthrust slices and, along the east coast, 
in the cores of narrow, faulted anticlines. This belt is separated from the 
older formations of the Main Range to the west by a series of Tertiary' 
basins (Lillie, 1953; Heuvel, I960; Kingma, 1962, 1967). Here, also, the 
position and relations of so-called Taitai Series rocks are poorly known, but 
a 200-300-ft-thick conglomerate of Motoan age (Albian) suggests a major 
environmental change, which initiated the Upper Cretaceous to Tertiary 
cycle of sedimentation (Kingma, 1967). Most of the sequence is made up 
of thin-bedded, alternating sandstones, siltstones, and mudstones; thin 
intercalated limestones and concretionary siltstones are locally quite common. 
The occurrence of spilitic lavas and conglomerates with abundant pd>bles 
of volcanic and add plutonic rocks thoi^hout the Upper Cretaceous may 
be typical of this southern region. The Mata Series, especially the Hau- 
murian Stage, is again characterised by the Whangai shales, which are 
composed of thick suiceous tuif, flint, and limestone beds. 

In the north-eastern part of the South Island, in Marlborough and the 
Kaikoura Ranges (Lensen, 1962), the complex facies and thickness varia- 
tions in the Upper Cretaceous sequences depict a complicated pattern of 
regression and transgression and local diastrophic movements. Uncon- 
focmities occur in some places, but dq>osition may have been continuous 
from Hokonui through to the Clarence Series in other areas (Suggate, 
1958). Local terrestrial conditions, represented by quart2ose coal measures 
in both the Ngaterian and Piripauan Stages, reflect the particular location 
of the area which is transidonal between the two major provinces of the 
East Coast geosyndine and Canterbury. In general, however, the typical 
development of most of the Clarence and £iukumara Series is an alter- 
nating sequence of graded bedded siltstone-mudstones with some con- 
cretionary sandstone and conglomerate intercalations. The Mata Series is 
mainly composed of glauconitic sandstone and concretionary mudstone, 
passing upwarcb into regularly bedded flint and sulphur-stained argiliite 
with limestone lenses similar to the Whangai fades of the North luand. 
These, in turn, grade into the ooospicuons, Sliceons limestone of the lower- 
most Tertiary. 
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Uninteitupted, fflftfinc sGduDcntstioti ftotn Octufious into Tcftuuy hiTMs 
is the chaiacteristic feature of the East Coast geosyndme. It has been postu- 
lated that at the beginning of the Tertiary, the geosjncline lay between a 
still-persistent structural high to the east, and the Ne\v Zealand Geantid ine 
to the west (Kingma, I960). The eastern hi/;h soon ceased to be of im- 
portance, while the western Geanticline was not a major sediment-producing 
area until the Upper Tatiuf. Extensive depositioQ of fine material, green- 
sand, mud, and calcareous ooze rich in Foraminifera was the result of this 
rather stable and quiet phase of the geologic history (Fleming, 1962). 
However, sedimentary structures indicate the occurrence of local tectonic 
unrest during this period also (Waterhouse and Bradic}-, 1957). Thick mud- 
st(xies, which transformed into montmorillonitic days, loosdy called benton- 
ites, are of wide^read oocnnence and one of the coospicnoas sediffleotary 
features of the east coast Paleocene and Eocene. 

A major change in sedimentation occurred near the end of the Olkocene 
(Kingma, I960; Ridd, 1964). This is indicated hf the absence of raeoca 

Series (Lower Miocene) beds in certain areas and an influx of coarse 
sediment derived from the west. Similar sediments continued to be typical 
for most of the Upper Tertiary. At the same time, increasing tectonic 
defoamtion within die geosyndine caused axnpiez lithological patterns and 
rapidly changing thicknesses (Kingma, 1957b, 1938c, I960; Ridd, 1967). 
Miocene flysch-i- oe successions in strongly subsiding basins contrast widi 
massive sand-siltstones in nearby, relatively stable shelf areas (Kingma, 
1958a). The tol -.1 thickness of the Miocene may be lot ally up to 30,000 ft 
(Kingma, 1964 . Folding of strata and upheaval of blocks along faults 
while d^XMition contimud, led to an even more localised pattern of 
sedimentadon. In general, the Pliocene saw shallower seas with tbe 
development of islands and shoals and apparently strong tidal currents, 
which winnowed the sediments (Kingma, 1957a, 1958b). Pliocene beds 
almost entirely lack the flysch-type alternating facies of the Miocene and 
are characterised by widespread coquina limestones at certain horizons. In 
the Hawke Bay dcfuessioo, the thickness of the Pliocene is 13,000 ft fol- 
lowed by another 7,000 ft of Lower Pleistocene (Nukumaruan) tBody 
silt and conglomerate with abundant sheLi beds and pebbly limestnoe 
(Grindley, I960). 

Southwards along the western margin of the basin, llpper Tertiary 
sediments successively overlap further on to the basement gre>'wackes of the 
Main Range. Transgression continued until, during the Pliocene, the seas 
covtte d the range completely to connect with die Wanganui Basin. In the 
toudifCBst comer of me North Island, Miocene and even Pliocene beds 
rest unconformably on older formations. Here there is a marked break at 
the base of the Miocene fWeilman, 195-1; Kingma, 1^67) Corresponding 
movements are more pronounced still further south, in the north-cast of the 
South Island, where the extremely thick "Great Marlborough Conglom- 
erate", of Middle to Upper Miocene age, has accumulated around the nose 
of uprising mountains and in fault angle depressions (Lensen, 1962). 
Here, also, marine sedimentation continued well into the Pliocene, at least 
in local depressions, but the overall pattern is one of a regional regression 
.related to the Kaikoura Orogeny (Kingma, 19^9), which commenced first 
in the south and gradually extended northwards. 
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Prospective Formations 

As already stated, the oldest formations with any prospects occur in the 
so-called Taitai Series. However, this refers only to the lithotypes of the 
type locality at Mt Taitai (Mokoiwian Mudstone as potential source rock, 
and Taitai Sandstone, if well developed, as reservoir), whose exact strati- 
graphic position and relation are still nnoettaiii. Mudi of what has beeo 
mapped as 'Taitai Series" (Kingma, 1965, 1967; Grindlcy, I960) is, in 
fact, highly indurated greywacke of doubtful age, and has to be regarded 
as effective basement. 

Whether or not Taitai sandstones have any appreciable subsurface exten- 
sion is still a matter of speculation; nowhere have they been reached by 
the drill. Also, their quality is questionable, as they appear rather dirty and 
tight in exposed sections. However, tfaey represent die nearest to a potential 
reservoir build-iq», and their fisdes relationships suggest that posahle im- 
provements in pmosity might occur in certain areas. 

Most of the Upper Cretaceous sequence is composed of dense and fine- 
grained, alternating mud-siltstones which in many places resemble flysch- 
type successions with all their characteristic sedimentary features, slump 
structures, graded bedding, etc. Good storage rocks are mostly absent, but 
many of the mndstones and carbonaceous shales whidi occur in consider- 
able thickness throughout die sequence are rqx^ted to mwnatr a distinct 
oil smell, while occasional porous beds like greensands, etc., almost always 
contain traces of oil or give off some gas (Ongley and MacPherson, 1928; 
Lillie, 1953). According to Lillie (1953, p. 32) Maestrichtian Tapuwaeroa 
beds would be the most likely source of petroleum in the Dannevirke area 
(south of Hawke's Bay), where oil smells and occasional seepages have 
been noted in these rodcs. Picks' (1962) investigation (tf the buck car- 
bonaceous shales of the same age north of Gisbome, however, suggests that 
these "oil shales" really contain kerogen which is insoluble in petroleum 
solvents. Therefore these sediments would not qualify as source beds. Nor 
are they likely to be rich in bituminous matter, as the destructive distillation 
of a composite sample gave an oil yield of not more than 1*8 gals/ton 
(Qogl^ and MacPherson, 1928, p. 64). 

No doubt the many seepages prove that free hydrocarbons do occur in 
at least some of the Upper Cretaceous shales. There is, on the other hand, 
less certainty about the presence of potential storage rocks. Apart from 
the possibility that locally the Taitai Sandstone might offer, only the Lower 
to Middle Haumurian (Maestrichtian) sandstones appear to be capable of 
forming a reservoir. They look quite promising in certain sections (Pick, 
1962), but, as mentioned before, the question of their geogn^hic per- 
sistence and distribution is unresolved. Reservoirs formed by fractured and 
shattered but otherwise tight rocks could be possible in certain cases; the 
particular conditions associated with cross-faulting and piercement structures, 
as they occur in some areas, would seem to enhance this possibility. 

Any Cretaceous reservoir would find an extremely good seal in the thick 
mudstone and bentonite of the Lower Tertiary and only faults might permit 
tiie escape of hydrocarbons. Almost all seepages are in fact related to fault 
zones and piercement structures, but the nature of highly mobile bentonite 
would probably impede the easy passage of oil and gas in most cases. 
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The Tetttaty sequence ptdbtbfy is ku likely to e o nteam e to poeaisle 
oil or gat geaeiatiofi — the exontioa being some of the lowermost, cnooolate 
and black shales as those tt wa^wa (Hornibrook and Harrington, 1957; 
Lehncr et al.. 1965), the development of which is intimately related, how- 
ever, to the preceding Cretaceous succession. Higher up no particular source 
rocks appear to be present, while potential storage rocks, for reasons given 
above, will not easuy become filled with Cretaceous ofl. Locally, however, 
traces of oil and gas are known in Tertiary arcas» but as a rule the porosity 
of Tertiary sandstones is not very high. Tliey are usually muddy and dirty, 
or have a calcareous or siliceous matrix. Tectonic unrest and the rapidly 
changing pattern of depositional trends appear to have been unfavourable 
for the formation of suitable reservoir bodies. Only in the Middle and 
Upper Miocene^ and pattknlaiiy in the basal Southland Secies, ate tfaece 
local massive and tfaidc-bedded shelf sandstones; but here also, pocoaitiei 
in subsurface samples are reportedly not as good as in surface outcrops, 
which evidently have been suoject to considerable weathering and leaching. 

In south-east Wellington and northern Marlborough, where pre-Miocene 
erosion has brought various Cretaceous formations into unconformable 
contact with overlving Miocene basal sandstone and conglomerate, con- 
ditions may have oea created that were suitable for locu anmmnlaHoni 
of Cretaceous oil or gas in Miocene traps. This m^ehmn^ifin jg particularly 
suggested in northern Marlborough, where an active oil seepage from 
shattered greywackes near a fault contact with Upper Tertiary sediments has 
been known for a long time (Morgan, 1921), and to the south-west of 
which several oil and gas seepages have since been found in the area of 
exposed Cretaceous rocks (Lensen, 1962, and pers. comm.). This supports 
the idea that pre-Tertiaiy rocks indeed are the source o£ any petfoleDm 
present. 

Plio-Pleistooene beds, mainly because of their structural situatkn and lack 

of cover, in general do not appear suitable for building up any appreciable 
reservoir. Some lithologies, however, show good porosities; particularly the 
Waitotaran limestones (calcarenites) in the Hawke s Bay area would cer- 
tainly include potential storage rocks, provided there are suitable per- 
meability barriers. Prospects are enhanced by their great thickness, but more 
detailed studies are needed in this tespect. 

Hub Canterbury Basin 

Extending for about 200 miles along the central east coast of the 
South Island, this basin is in direct continuation from the East Coast Basin 
of North Island and Marlborough. However, sedimentary conditions pro- 
foundly changed at about the southern edge of the present-day KaikooA 
Ranges; to the south the tectonic evolution followed entirely different lines, 
and the structural unit of the Canterbury Basin therefore exhibits a picture 
which is different in every respect. 

Because much of the Tertiary cover alonq the western margin has been 
removed by erosion due to regional uplift (Speight, 1915; Grindley, 1951; 
Wilson, 1956), the actual basin appears considerably reduced in size but is 
still about 30 miles wide on land ;ust south of Christchurch; no off-shore 
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limit is known to the east, where the continental shelf covers some of the 
widest aress atoond New 2Sealaod coasts (Brodie, 1964). In the same 
area south of Christdioich, it is 70 miles out to the 100 fathom line, which 
possibly gives a measure to the total width of the basin. Little, however, 
IS known about subsurface basement structure and topography. On land 
the depth may be up to about 7,000 ft as suggested by gravity (Hatherton, 
1932), bat locally much shallower basement highs can be expected; on 
Batiks Peninsula, greywacke basement and mid-'mtiary sandstones appear 
above sea level underneath an extensive cover of young volcanic rock 
(Obom and Suggate, 1959). 

As seen around die landward basin margin, the basement consists of 
folded Triassic-Jurassic greywacke and argilTite, including basic volcanics, 
and locally of rhyoiitic and andesitic complexes as well as syenitic to 
gabbroic intrusives (Speight, 1928; Mason, 1948; Gregg, 1964). After 
long denudatkm with niiidi chonical weathering, ^e sea started to invade 
the area from the east in the Cretaceoos^ reaching the inner margin of the 
Canterbury Plains in Maestricfatian time. At the hast of the marine dq)08its, 
freshwater coal measures are found in many places. Their thickness varies 
widely, and is commonly a few tens or hundreds of feet. In the Malvern 
Hills west of Christchurch, however, it is undoubtedly much greater, but 
may not reach the 5,000 ft reported by Speight (1928). Dependmg on thdr 
location with rcsi>ect to the encroadiing sea, their age is Campanian to 
Maestrichtian (Couper, I960; Wilson, 1963) or, as occurs furthest west 
and south, lowermost Tertiary (Allan, 1927; Marwick, 1935; Speight, 
1938; Wellman, 1953; Wilson, 1953; Suggate and Wilson, 1958). Regard- 
less of the age of the transgression, the sedimentary succession as a whole, 
bodi In the coal measures and the marine beds wove, is very much the 
same tfaon^ioat the area, indkating comparativdy slow subsidence and rather 
uniform conditions. The freshwater beds generally consist of carbonaceous 
silt and mudstone with some lignitic coal seams, locally including greywacke- 

auart2 conglomerate at the base. Both clay deposits and — ^particularly in 
le upper portions — ^very dean quartz sand are widespread and characteristic 
features. 

The marine deposits as a whole are still very quartz-rich, but generally 
finer, oakareous and stlty-nmddy, and becoming increasingly glauconitic 
upwards. They pass into clayey mudstone, and this in turn into marl and 
limestone. Locally, basaltic and andesitic lavas and tulBFs are found resulting 
from submarine eruptions in Late Eocene to Oligocene time, while shallow 
sills and dikes were also emplaced into still wet and uncompacted sedi- 
ments (Gage, 1957; Speight, 1928, 1938). By the Late Oligocene, the 
transgression had readied its maximum exent. A total thickness of sedi- 
ments, up to this stage, of approximatdy 1,200-1,500 ft has been measured 
both to the north and south of the Canterbury Plains (Wilson, 1963; 
Wellman, 1953). A general thickening towards the east can reasonably be 
assumed, but no definite figures are available. 

In the Lower to Middle Miocene, uplift occurred to the west and a long- 
lasting cycle of intermittent regression began. D^osition of muddy silt 
and sandbone with some calcareous shell beds were (he result. Non-marine 
beds were deposited in the extreme south unconfocmably over oldn fotma- 
tkms, probably as early as (he Upper Miocene (Gage, 1957). In the north, 
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warping ocatmd m the still sotcomed arcis. NoD-depositioa in liie lifiddle 

and Upper Miocene in sofne areas, and the unconfocnublc character of near- 
shore shell conglomerates in the Pliocene (Gregg, 1959) ^re clear signs of 
the approaching end of the marine domain: at an increasingly greater rate 
of deposition, the sediments grade upwards into Lower Pleistocene fresh- 
water gravel and sand. The thickness of the sequence youncer than Oligo- 
cene is pcobabfy toote variable, and is PcHmm of the order of 4,000 to 
orer 3,000 ft (Gregg, 1959; Wilson, l9o3). TTie picture of the later history 
from Pleistocene to Recent times, finally, is greatly complicated by fluctuating 
sea level and changes of load of the various rivers from the rising moun- 
tains in the west, by aggradation and downcutting combined with further 
warping and folding. 

Reviewing this sedimentaiy sefj^iaice with fe^>ect to the possible oocor- 
lence of petroleum source matnttl» it appears that the marine members 
mainlj composed of detrital silt and clay are not very suitable, as tfaey 
contam little if any organic material. Nor have the extensive Oligocenc 
limestones any source bed characteristics; the Amberle)' Limestone is basic- 
ally a marly Globigerina ooze, whitish and chalky, while the overlying 
Wdca Pass Stone; 'wnidi is separated by a minor diastem from the Amberley 
Limestone, is massive and cream-coloured, somewhat coarser in texture and 
slightly arenaceous^ghuioxutic. However, the presence of some organic 
matter in an originally reducing environment is suggested for part of the 
Cretaceous portion, which not only is rich in glauconite but in particular is 
characterised, according to Thomson (1920), by widely distributed iron 
sulphide (**sulpfattr sands" and "subhur mndstone", p. 343). As a remit 
of subsequent oxidation, ferrous sulphate and a small portion of free sulphur 
is reported to occur in these beds which are commonly diaractensed by 
their yellowish efflorescence. 

Carbonaceous shale and siltstone have been reported from nearly all the 
known sections where the freshwater coal measures occur at the base of 
the marine sequence. Although not really attractive for both litholog)' and 
particularly their limited tfaidoiess, these beds would constitute the only 
other posdble source for hydrocarbons, which thus appears entirely restricted 
to the uppermost Cretaceous. 

Hydrocarbon traces have been mentioned, in addition, from Upper 
Jurassic basement rocks in northern Canterbury. On the east side of the 
Cheviot Hills, such rocks "emit a strong ephemeral kerosene-like odour 
when freshly broken or crushed" (Fleming, 1958, p. 388). When heated, 
a sample produced a small amount of gas which mduded traces both 
saturated and unsaturated hydrocarbons. A high methane content, and in 
one sample as much as 13-2% ethane, have been obtained from the hot 
springs at Hanmer (Ross, 1967) which are located on a branch of the 
Hope Fault, in terrain entirely surrounded by similar basement rocks 
(Gregg, 1964). Although the induration, incipient metamorphism, and 
excessive structural deformation of these rocks are such as to exdhule them 
from being a potential oil formation, it is probable that conditions favour- 
able to the generation of oil and gas existed in parts of the area also in the 
Jurassic. Much, however, will have been destroyed or will have escaped as 
a consequence of the Rangitata Orogeny and the long subsequent period 
of denudation and erosion. Nevertheless, some free hydrocarbons still are 
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available (particularly from highly fractured areas), and more could perhaps 
have been trapped in suitable reservoirs of the unconformably overlying 
Cretaceous to Tertiary cover. 

Potential storage rocks in this younger sequence are rather rare, however. 
Sandstones ate fine-grained to silty, and clayey, all somewhit mkaceons, and 
generally tight; the limestones are dense, but the ofsltu bed at the base of 
the marine sequence in the Waipara River and surroundings (northern 
Canterbury) is reported to be highly porous (Wilson, 1963). At the 
Waipara River it is about 20 ft thick and consists of two to three shell 
beds with sandy intercalations; apparently it has a marked smell of 
pettoleom (Thomson, 1920, p. 343). The freshwater beds undemeatii are 
only about 40-50 ft thick m this section, and consist of thin-bedded, 
dirty sandstones and carbonaceous siltstones. Above the oyster bed, fine- 
grained but very clean, whitish quartz sand follows in a rather massive 
sequence of about 100 ft, exposing only weak bedding and minor breaks of 
caroonaceous silt-shale. Upwards it gradually passes mto more argillaceous 
and ^auconitic silt to fine sand widi oall-like concretions containing Saurian 
remams. These Saurian beds and the overlying Waipara Greensand 
(Thomson, 1920), which consists of fine-grained, thin-bedded glauconitic 
sandstone alternating with sUty mudstone, are of Maestrichtian to Danian 
age and are conformably overlain by Paleocene to Eocene "bentonite" or 
grey, partly glauconitic and marly, nssile clay. 

Undoubtedly the depoat wi& the highest porosity and best potential* 
reservoir qualities Is the pure quartz sand that is found in several sections 
at the top of the coal measures. Some of the sand has been quarried for 
moulding and glass manufacturing (Speight, 1938). Quite commonly it is 
almost entirely composed of quartz grams, with but a small amount of iron- 
staining. Lacking any cement, the sand is generally loose and massive with 
only a faint indication of bedding; die thickness majr be up to several tens 
of feet. Near Hart*s quarry in tibe Malvern Hills, white quartz sand has 
been reported by Speight (1928) to be 300 ft thick, overlain by slightiy 
glauconitic, calcareous sandstone and shell beds. The sand here is fine to 
medium grained, in small streaks also coarse grained; a porosity of 40% 
was mentioned by Speight (p. 67). From other places, gritty and pdi>bly 
portions have been reported. 

Tlie origin and conditions <^ sedimentation of tiiis quartz sand are 
fflsuffidently understood, and thus its paleogeographic distribution is entirely 
a matter of speculation. It is definitely related, however, to a particular 
tectonic and environmental setting along the margin of a transgressivc sea, 
and is certainly derived from a mature land surface which had undergone 
long and deep weathering; repeated selective processes like constant rework- 
ing by continuously shifting streams, prolonged wind and wave action, and 
longshore and estuarine tidal currents perhaps intervened in dieir formation. 
While rhyolitic land surfaces apparentiy furnished a large proportion of the 
quartzose sediments deposited in certain coal measure areas, e.g., Malvern 
Hills, the occurrence of conglomerates with rhyolitic pebbles overlying grey- 
wacke basement suggests a rather complex pattern of current directi(ms, 
tnduding transport ot sediment perhaps originally derived from an easterly 
source (Speight, 1928). It impears reasonable, thorefoce, not to assume 
a priori a large lateral eastward extent of this particular type of dqxMtt 
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The age of this quartz sand, then, wherever it occurs, is immediately 
preceding the marine transgression; the deposit may in places also have beea 
tewodcea by it, probably in an environment of mbnnmg coastal flat& 

I^B Southland Basin 
Generd Geology 

Controlled by a peculiar tectonic settine, the southernmost of young 
sedimentary basins in Ne«r Zealand eiCen£ north of die south coast ol 
South Island. Subdivided into two smaller basins by basement highs of 

Upper Paleozoic basic igneous complexes (Takitimu and Longwood 
Ranges), the Southland Basin occupies a southward-opening wedge situated 
between the south- to south-east-trending Southland Syncline of Permian to 
Jurassic rocks and the south-west-trending Fiordland complex composed of 
dder Pdeosoic, metamofphic and igneous tods. 

Ot^ginall^, however, the Tertiary transgression coveted a much wider 
area including most if not all of Fiordland and Southland, and parts of 
western Otago. Subsequent difFerential movements erased extensive ecoiMn 

and stripping; the preservation of Lower Tertiary sediments, as well 
as continued sedimentation through the later Tertiary and Quaternary has 
been restricted to the two smaller basins mentioned above. Apart from 
manj^ local depressions and fault angle wedges whkh are of no dhnct 
bearing for the purpose of this stud^, these are: 

(a) The Waiau-Te Anau Basin in the west, and (b) the Soudiland Basin 
proper towards the east-south-east, here termed Invercargill Basin. The 
prospective basins are thus very limited in size, about 20 X 30 miles for the 
latter, and roughly 20 X 80 miles for the Waiau-Te Anau Basin. 

In the western of the two basins, the basement probably consists 
exclusively of Paleozoic metamorphic and igneous rocks. In the Invercargill 
Basin further east, however, mudi of the basement is made up of Permian 
to Jurassic sediments. These are mainly of the greywacke type, induding 
much tuffaceous greywacke and vitric tuff, mudstone, arkosic. and greywacke 
sandstone, granitic conglomerate, etc. (Wood, 1956). Their lithology is 
probably nowhere favourable for the generation and/or storage of oil, and 
since they also have suffered strong induration, their classification as effective 
basement can hardiv be diluted. Th^ were deformed into shallow folds 
during the post-Hokonui orogeny, and eroded and peneplaincxl before die 
Lower Tertiary transgression. 

In restricted basins (of unknown extension, however), terrestrial sedi- 
mentation had already begun during the Upper Cretaceous (Couper, I960; 
Bowen, 1964a), but the only known deposits of this kind that have resisted 
subsequent erosion are found in the Ohai Coalfield located in a west- 
north-west trending, downthrown graben (Wood, 1966b). These coal 
measures of Campanian to Maestrichtian age, the Ohai Group, are about 
1,000 ft thick; but, as a result of wide^rcul erosion before the depositiofi 
of the overlying Eocene coal measures, the original total thickness is not 
known ; nor is it possible to ascertain their original distribution, or present 
subsurface extent. 
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Utibologically the Oiiai Group ranges from day and carbonaceous mad- 
Stone to conglomerate, and includes coal seams in the basal Wairio Forma- 
tion and particularly in the Morley Coal Measures at the top of the group. 
Coarse <]^uart2 grit and white quartzose sandstones are reported from the 
intermediate New Brighton Conglomerate, while sandstone is said to form 
the ptedominant IMiology of the overlying Modejr Coal Measuies (Bowen, 
1964a). It is mostly white and composed mainly of quartz and altered feld- 
spar, and micas; bedding is generally massive, and while finer sandstone 
always is rather clayey, the coarser grades appear to contain little clay. 

The Upper Cretaceous Ohai Group is unconformably overlain by Upper 
Eocene to Oligocene coal measures and marine siltstones and mudstones. 
In the area of the Ohai Coalfield, Upper Eocene Beaumont Coal Measures 
rest on various formations of the Ohai Gtcnp as wdl as on basement codES. 
Hiey are typical fine'Crained coal measures with predominant mudstone, 
siltstone, ana shale and impersistent coal seams; they are 500-600 ft thick 
and are followed by freshwater sandy mudstones and siltstones with bands 
of ferruginous nodules. These pass upwards into marine beds of Oligocene 
age. 

Everywhere else in Southland, basement rocks are directly overlain by a 
similar sequence of Eocene-Oli^ocene coal measures and marine beds, 
mainly madstones. Futicalatly m the west, this Lower Tertiacy attains 
great thicknesses. At the northern end of Lake Te Anau and at the Hun^ 
Ridge north-west of Te Waewae Bay, the terrestrial beds alone are several 
thousand feet thick (Grindley, 1958; Wood, 1966a, in press). However, 
great and rapid variations are present as is shown by the sandstone sequence 
(Milv 300 ft thick underlying Oligocene marine limestone between South 
and Middle Fiords, western side of Lake Te Anau (MdCdlar, 1956). 

The main lithologies of the Lower Tertiary terrestrial beds are hard, thick- 
bedded sandstones, muxdf aikosic, conglomerates and flaggy, often car- 
bonaceous siltstones; they indude plant and coalified wood fragments and 
occasional coal seams. Near Orepuki south-east of Te Waewae Bay, 8 in. of 
oil shale is found within such coal apart from several thinner seams. The 
shale is tough, brittle, thinly laminated and fissile, dark brown-grey to black 
and commonly sulphur-stained. Both coal and oil shale have been mined 
here^ and the average distillation yield of the latter was 43 j^ons of crude 
oil per too and 26*7 lb ammonium sulphate (Willett and wellman, 1940). 
More recent tests have indicated a maximum possible 3rield of ^0-75 gal/ton 
(Elphick, 1959; Robinson and Dinneen, 1967). 

The terrestrial beds pass upwards into a marine sequence of Whaingaroan- 
Duntroonian age (Oligocene). At variance with the characteristic Oligocene 
carbonate development as found in most other areas of New Zealand, these 
Landon beds in Southland consist mainly of thick clavey siltstones and 
mudstones. Greem'sh-grey day shales and one silty-seridtic mudatooes wMi 
some thin, caIcareou»«rgilIaceous sandstone intercalations are several 
thousand feet thick east of the lower Waiau River. Near Blackmount- 
RedcHff Creek, where the Tertiary basin beween the Takitimu Volcanics 
and the Fiordland Complex is a mere 9 miles wide, the Oligocene marine 
mudstones are exposed in a near-vertical section some 2,000-3,000 ft thick, 
containing 2-6-in.-diick bands of concretionary, grey dense limestone 
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which is slightly oil-smelling when freshly broken. Thin (1 in.) inter- 
calations of laminated silt to fine sandstone are found occasionally. 

Between Lake Te Anau and the Eglinton valley in the extreme north of 
the basin, the Oligocene is equally thick but consists mainly of hard thick- 
bedded, grey sandstooe (Grindky, 1938). The basal 400 ft is poorly 
bedded dark, fioe ttadrtoae to aUstooe, while the top poctioa 

is foaned <tf hia^g^tf, cslcireaiis mndstooe. 

Truly odcueous sequences oocnt ooly locally in the Oligocene, as for 
instance at Freestone Hill just cast of Manapourf Township, where about 



grit. The rode (which forms high cavernous cliffs) is hard and well 
cemented, olive green and rich in quartz and biotite. Dense algal limestone 
of 100-1)0 ft thidcDess ooaus at the Te Anan Glow Wocm Cms 
(west Aore of lake, north of Te Anan Township) This Tunnel Burn 
Limestone (McKellar, 1956) exposes wa\'y layering with thin laminated, 
arenaceous intercalations. It is highly calcareous and creamy in colour; the 
age is Duntroonian-Waitakian, thus Late Oligocene to Early Miocene. It is 
overlain by Lower Miocene, massive quartzose arkosic sandstone with a 
few thin, soft mndstooe iotefcalatioQS (C^uden Point Fomatkn of 
McKellar, 1956). Near Biidbwood to the east of the Waiaa valley (5 miles 
west of Ohai), the Oligocene is characterised by thin creamy limestone 
which alternates with mudstone, and calcareous sandstone 1-2 ft thick with 
shale intercalations. Also in the extreme south-east of the Waiau Basin, 
some thin-bedded shelly limestone occurs intercalated in micaceous silt- 
nmdstooe near the base of the marine Oligoceae (Wood, in press). 

Eastwards the Oligocene tcana^gresskn reached as far as Gote^ wfane 
the Chatton Marine Formation (wood, 1936), consisting of shdly coacse 

sandstone, wedges out within the Gore I4g|Ute Measures. The Pomahaka 
Estuarine Bed, located still further east, is probabh the result of some 
shallow and temporary, maximum transgression which, however, did not 
submerge the whole land (Fleming, 1962). 

The Lower to Middle Miocene formati(Mis, i.e., mainly the Southland 
Series (for wbkk Soothland is llie type area) are undoubtedly the most 
remadouble formations here Together with the Pueoca Series which have 
not everwhere been recognised (Wood, in press), they are characterised 

by an extensive limestone development mostly in the form of biostromal 
banks. The most common rock type is skeletal and fra^mental limestone 
of a polyzoan nature which generally is highly porous. It may be 100 or 
more feet thick in certain places, but is impersistent laterally where it 
grades into grey, micaceous siltstone and nmdstone. 

Limestone of the Lower Miocene Pareora Series is particulariy well 

developed north of Invercargill where it is exposed in a chain of low 
hills nearly 20 miles long, from Fern Hill at the bank of Oreti River in 
the north to Forest Hill in the south. This Forest Hill Limestone, which is 
underlain by Oligocene greenish gre\'. silty micaceous and marly mudstone, 
is quarried in several places and consists of yellow, biogenic calcarcnite of 
fair, but irregular beading. It is said to be 200-400 ft thidc on Wiotoo 
Hill (Willett, 1950), while from Centre Bush Allan (1937) has described 
a detailed section whose total thickness is 90 ft: 



200-300 ft is exposed 




sandstone and 
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60 ft of coarse grained, rudely stratified bcyoKoaa limestone (calcare- 

nite) with brachiopods throughout. 
20 ft of fine-grained, massive limestone including two shell beds. 
10 ft of coarse grained, impure, rubbly limestone with large brachiopods 

and pelecypods. 
Fine-gfainea mad. 

Mo limestone of Southland age is known from the InvercargiU basin; 
the Focest Hill Lunestone is ovmain by poorly exposed sandy mudstone, 
while rocks in the Mataura vall^ to the east which supposedly are of 
Southland age consist of mainly terrestrial gravels, clay and lignite seams 

(Wood, 1966b). 

In the Waiau Basin, the best section is exposed near Clifden where a 
thick limestone complex is made up of 100-1 20 ft of fairly wdl bedded 
calcarenites with Pareoca Foraminifera and brachiopods, overlain by rather 
massive and grey, hard polyzoan limestone of Southland (Altonian) age; 
the two formations are commonly separated by a pebble band or limestone 
breccia of variable thickness, ranging from a few to 18 ft. 

Directly above the limestones in the Qifden section is a 20-ft-thick bed 
of loose, whitish yellow quartz sand overlain by silt and impure, fine sand- 
Stone. Micaceous silt and silty mudstone with shell beds form the rest of 
the Southland Series. West of the Waiau Syncline, however, another 
limestone sequence occurs locally at the very top of this series (at Goldie 
Hill; Wood, in press). 

The Upper Miocene Tongaporutuan to Kapitean sediments are thick 
fine grained, muddy to micaceous sandstones of grqr-green to bluish colour. 
They orobably are some 2,000-^,000 ft thick in the centre of the basin, but 
towards its margins, particularly on the western side, they overlap on suc- 
cessively older formations until at Port Craig, on the west shore of 
Te Waewae Bay, a Kapitean basal conglomerate comes to rest directly on 
basement (Wood, 1966b, in press). Thus there is a pronounced Upper 
Miocene transgressi(Mi followmg widespread tectonic deformation and 
erosion, in the course of which matginal areas were iq)lifted and the present- 
day basins more closely defined. At this time the northern part (Te Anau) 
was probably cut off from the sea completely. A thresholcf or swell seems 
to have developed midway between the south coast and Te Anau, a sea arm 
having extended only into the southern portion of the Waiau Basin proper. 
North of it, thick deposits of silt, sand, and conglomerate of possibly 
Upper Mkxxne and certainly Plio-Pleistocene age are non-marine, lacustrine 
to fluviatile. To the south, the sea gradually retreated even further, and 
marine Pliocene is only found near the shore of Te Waewae Bay. In the 
Invercargill Basin to the east, the Upper Miocene to Pliocene history is 
little known due to the extensive Quaternary alluvial blanket which covers 
the plains; no marine rocks of these ages are known. 

For anv of the basins and particularly their deepest part, the total amount 
of subdoence is not well known, nor is the total sedimentary tfaidmess. 
Geophysical work has indicated 11,000-12,000 ft for the Waiau Basin, 
while sediments in the Invercargill Basin would be not less than 6,000 and 
probably nearer to 10,000 ft thick (Hatherton, 1966). Recent deep drill- 
holes in the latter area reached basement at about 3,300 and 7,000 ft 
req>ectively (Kear, 1966b). 
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Potential Oil PormaUam 

From the foregoing it follows that the only p08S&le soofoe for any oil 
or gas is in the mmI coal meisuies aod/or the Oligoccne shales and 

muastones. 

Although the organic content in these rocks generally is low, and suitable 
carbonaceous silt-mudstones are seemingly not abundant in surface outcrops 
of the coal measures, these formations must nevertheless be considered as 
a possible source. Although their paleogeogni|>hic diattibuton and UdcB 
devdopment ate unknown across the lanw ttacts of the basin where beds 
ate concealed at depth, the existence of oil shales at Orepuki (although 
omtaining only little free hydrocarbon; cf. Robinson and Dinneen, 1967) 
is one indication that locally favourable conditions for the formation of 
bituminous rocks did exist. This Orejsuki "field" represents a semi-dosed 
basin about 2^ by 4 miles aooss, which dom^ coal measure sedimentarton 
may have ben partly isolated from the main Waiaa Barai to the noctli> 
west; the detailed mapping by Wood (19^66, in press) has shown the 
Orepuki beds to wedge out in that direction, and marine Oligocene directly 
overlies basement at Grindstone Creek. Similar conditions may have existed 
elsewhere underneath the basin, resulting in the formation of other bitu- 
minous rocks and the possible generation of free oil and gas. 

Similarly, it cannot be ruled out that Upper Cretaceous Ohai Coal 
Measures cnuld exist in subsurface in central parts of the basin, and m 
their turn contribute as a possible sooroe. This is admittedly more remote 
particularly in view of the pronounced erosion which they suffered in pre- 
Bocene time, and their probably much more restricted original occurrence. 

Oligocene marine shales are widespread and very thick, and on the whole 
more uniform. Although no results are known of any detailed investigation, 
their general aspect, dark colour and fine grain, together with the occurrence 
of definitdy ou-smdling calcareous ooocietions, would suggest a favour* 
able habitat for bituminoos rocks m this series, and their being a posMc 
source for petroleum. In fad, these beds are here ooosidered of pmnary 
importance m this req>ect 

No younger beds appear to have a facies favourable for hydrocarbon 
generation. While the various limestones were all formed in very shallow 
and highly oxygenated water, the rest of the sequence is made up of 
elastics of fine silt-sand which are <^ grey -green to bluish and light grey- 
brown colours, generally rich in quartz and mka but evidently poor in any 
form of organic matter. 

No direct oil indications are known, but one gas seepage has been dis* 

covered in Hindley Bum, a northern tributary stream of Lill Bom on die 
west flank of the great Waiau Syncline (Wood, 1966b). Gas is emanating, 
evidently through fractures, from foraminiferous grey silty claystone of the 
Upper Southland Series (Middle Miocene*). It contains 95*7% methane, 
including (from chromatograph anlaysis) very small amounts of ethane^ 
profMme^ isoMane, and normal butane (Wood, in press). 



♦According to recent foram determination by Dr N. de B. Homibrook, the rock in 
question is oi Altooiaa (i.e., Lower SoudilaDd) age. 
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Potential storage rocks are found both in the coal measures and the 
Miocene limestone sequences. Massive quartz sandstones of fine to coarse 
grain and flenecally so i new l iat adnsic and micaceous coa^>08ition occur in 
vadoos cou measuie sections, particularly east of the lower Waiau River 
and the high ridges west of the basin. A number of porosity measurements 
on such rocks which outcrop along the eastern margin have given values 
of 26%-37% porosity and several hundred millidarcies permeability, in 
one case as much as 6,120*0 md. Silt and shale breaks within the sandstones, 
and partkularly fhe tfakk Oligoceoe mudstoncs should provide a suitable 
seal for such casacvoirs. 

The Lower and Middle Miocene limestone sequences perhaps form the 
most adeqpiate^ potentul reservoir bodies. Their occurrence as large bio- 
stromes enhances their storage quality which thus is not bound entirely to 
structural conditions, but includes a particular potential for stratigraphic 
traps. Lateral fades change into impervious siltstone and mudstcme furnishes 
a good possibili^ for traps up-dip on the basin Hanks, while the thick 
cover of oocoarocmable, Upper Miocene mnd<^ siltstoaes provides an 
ample seal towards younger formations. Southland calcarenites near Gifden 
have given porosities from 23'8% to 34-4% and permeabilities between 
87-0 and 226*0 md. In addition to these limestones, the 20 ft of loose 
quartzose sand as found in the Clifden section just above the limestone, if 
persistent, represent another potential reservoir bed. 

Conclusions 

In the light of this analysis of potential oil formations in the seven 
basins of New Zealand, some characteristic features common to all or at 
least some of them immediately become apparent (Table 2). 

Possible Source end Reservoir Rocks Are in About the Same Stratigraphic 

Position 

As the particular fades distribution pattern within each basin has not 
been investigated in detail, this could roughly be interpreted in teems of 
similarity oT Gooditions for both source and reservoir rock deposition. In 
fact, both are comprised in a typical sand-shale assemblage, and their dose 
relationship is evident in most areas. In one respect, this should enhance 
general petroleum prospects considerably, as free petroleum available, to 
be expelled during very early stages of compaction, would readily find 
associated reservoirs to allow amiimilaHon and presentation. 

On the other hand, similar conditions during sedimentation will result 
in the formation of dqKMtts not vecy much difoent from each other. Rich 
source beds as well as good storage rods could, under the circumstances, 
hardly be expected together, since an environment favourable for source 
facies is generally unfavourable for the accumulation of reservoir sediments 
and vice versa (Weeks, 1958). This certainly holds true for many New 
2iealand basins where, as a matter of fact, seemingly good source rock 
sequences and also direct evidence for the presence ci petroleum or fias 
often cadst in ahimdanoe, whereas good quality reservoirs are harder to &d 
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Tabu 2— Stntigraphk Positioas ot PolentuJ Oil Foanadoas in New Zealand 



a. 
3 



O u 
\J z 

6 S 



PALEOCENE 



Wmmutm 



Kapiteati 
TeopporiMbin 



S 



I 



Ouian 



5 



W«t<kiM 
Ountroopua 



KuNriM 



Bertaoun 



MACSTRiCHTIAN 

ilNONIAN 
TURONIAN 

A'llAN AlkiA» 



NORTHLAND 

Sewth 



4'' 



WAIKATO 



Ifl' 




I 
I 

» ? • 



TAMNMU-WANGANUI 
Wnc CMirai fax 



?« • 

ff/f/if. 



^7777 

I 

I 



I » • 



mn 



l<*» • ■ Bif**** 



Copyrighted materl il 



No. 5 Katz -Potential Oil Foemahons 1123 

Table 2 — coatiaued 



WEST COAST 


SOUTHIANO 


CANTERBURY 
WMt Eatt 


EAST COAST 
















• 










• 

1 

i 

• 






« 


















1 


C 1 




















\//////Trrn 










> 


( < 


» 










///// //////// 








1 
1 

f 

i 






X • 






K • 




• 






;//////- 






K Up hr 


1 


• 



Copyrighted material 



1124 



NZ. Journal of Gbology and Gsopuysics 



Vol.11 



and evidently ocoir more rarely and restrictedly. This is the case in the 
East Coast Basin, for instance, and the opposite apparently is true in the 
PUo-Pldstocoie Wanganui Basm. 

Possible Oil Source Sequences Nearly Always Are Located at the Very Base 

of tht Load Stratigraphic Column 

Except from the Northland Basin where the geologic-tectonic relation- 
ships arc still not well understood, and the East Coast Basin where a 
complex and highly differentiated miogeosyncline existed during Upper 
Cretaceous and Tertiary times, all the other basins are essentially character- 
ised as mutiible sbdf aieu or marginal deeps. They are typical epicontmcntal 
bums of vanous types, probably iiiHii<iing open mai^mal basins of the 
continental coast. The decreasing rate of tectwiic movement during the 
Cretaceous had allowed the formation of broad shelves across earlier 
stabilised areas, and the deposition of sand and fine mud across this 
subdued topograj^hy, often including coal measures at their base. Quite 
generally, ondttiaiis thus passed from cootineatal sedimeotatkn to a 
paialic^ and then to a marine eavironineat 

More tpcdBcaHy, it is this similarity of conditions during the beginning 
of the transgressive cycle in the Waikato, Taranaki, West Coast, Southland, 
and Canterbury Basins which created a strikingly similar depositional pat- 
tern, and which only became more differentiated during later stages of the 
individual tectonic evolution of each basin. 

In all these five basins, the principal, if not only, rock sequence found 
to be a poaMt soofce for petroleum orgas is locaisd at the base of the 
whole senimcntaiy soccessioa (TaUe 2). Inis is coosistent with the findings 
by Bitterli (1963) diat **envicoomentBl amditioos favourable foe the fomia- 

tion of bituminous sequences ... are often created at the turning points 
in the paleogeographic history . . . which may result in an incipient trans- 
gression or regression of the sea, possibly followed by a proline plankton 
prodndion and by stagnation". In fact, it is not uncommon for atffSlBOoofas 
sediments lying just Sbow major unconformities to be good source rocks. 
Ridi growth of organic material often took place on land during periods 
represented by such imconformities. This certainly was the case in the 
New Zealand basins where widespread coal mcisures occur at the base of 
the sedimentary sequence. Following subsidence aiid transgression, a certain 
stagnation may occur at a time when substantial amounts of organic material 
are available which then will be preserved, at least in part, and possibly 
be transformed into hydrocarbons (Fuloria, 1967). Also, such a favourable 
environment is by no means limited to stagnant waters but may have existed 
wherever prolific planktonic life flourished due to abundant nutrients 
present, as excessive development of plankton may create its own bottom- 
redndng conditions (Brong^rsma-Sanders, 1991). 

If initial subsidence was slow and deposition rapid, widespread deltaic 
deposits may form where rivers deliver fauge quantities of organic material, 
which is rapidly buried and therefore much of it preserved. As Rainwater 

(1963) has pointed out, traps are always available in the many porous 
discontinuous sand bodies deposited in and around deltas where oil and 
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gas may accumulate as soon as they are formed. Much of the Kapuni 
Formation in the Taranaki Basin, as well as similar deposits elsewhere, 
may be particularly prospective because of these circumstances. The par- 
ticular importance of deltas which arises from their transitional eaviroa- 
meats, from marine via estuarine to flixviatiie, and their intermediate posi- 
tion between continental or cratonic and lacustrine or marine basins has 
been stressed by Bitterli (1963). His study also has shown that, although 
bituminous rocks are almost exclusively produced in aquatic environments, 
both transitional and limnic environments are at least as favourable as 
marine ones; in fact, non-marine bituminous sequences contain, on an 
average, mudi more otfftnic material, i.e., higher concentrations, than 
marine ones. It is perhaps significant that the greater part of recent, new 
discoveries of oil occurrences throughout the world is associated with 
fresh or brackish formation water; although this may partly be due to 
flushing, most of them are thought to have originated in sediments 
deposited in waters of less than marine salinity (Hedberg, 1964). The 
transitional, often terrestrial-paralic environments of much of the possible 
oil source sequences in the nve basins here mentioned probably are typical, 
and are thought to be indicative for the particular tectonic setting in which 
these sequences have been formed. Their lithologic assemblage is, accord- 
ing to Hedberg's recent (1967) classification, of the shale-sandstone-coai 
type which includes the probable source strata of many major petroleum 
occurrences throughout the world. 

The nature of the unconformity bdow the transgressive cycle thus 
appears as a controlling factor with respect to source rock sequences. 
Their stratigraphic position at the base of the whole sedimentary succession 
in all these New Zealand basins is probably a consequence of the uniform 
and relatively quiet tectonic process which pre-dated transgression, and 
which culminated in the formation of low mature lands. The paleo^eographic 
turning point, evidently important for the generation of bitummous rock 
sequences here, had arrived when sedimentation definitely started on a new 
cyde, first perhaps with the terrestrial-paralic to estuarine deposits, followed 
later by a full-scale marine transgression. This happened in Senonian or 
Maestrichtian time in some basins, but only in the Eocene or Oligocene in 
others. 

Mosi Potential Ruervoir Formations Are Also Near the Base of the 

Sedimentary Sequence 

The sand-shale facies of the unstable shelf which characterises these 
deposits lacks several of the more prominent reservoir type rocks such as 
cnartaose blanket sands, calcareous and dolomitk reefs, etc. D^>ending on 
the sediment source, subgteywadkes or aricosic sandstones are predominant, 
and their silt-clay or micaceous component generally is considerable; dirty, 
dense, and tight silt-sandstones are the rule. 

However, the particular sedimentary processes involved before or at the 
time of transgression, i.e., in the lowermost part of the stratigraphic 
sequence, have caused a local deaning-up of sands around deltas and 
where channel and near-diore currents were active; in addition, prolonged 
wearttertng and leaching of the source area has led to a concentratioa 
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of quftttBOte miieritl m the non-imrioe basal d^osts in some bttans* 
ptttKolarly in the Brunner Coal Measures of the west coast. The near-pure 

quartz sands in Canterbun- have been mentioned as an exceptional tvpe, 
possibly formed as a terrestrial deposit but located on the fringe of the 
trans^ressive sea; it was probably derived, partly at least, from a da:aying 
rfayolite source. 

It becomes evident therefore that the presence of potential leservoir 
focmatioiis preferaUjr ntu the base of the sedimentary sequence is to a 
ffreat measure doe to the paitiailar cavitonmeiit of tboe bastns and tiwir 

Occasionally Potential Reservoir Formations Occur Higher Up in the 

Stratigraphic Section 

Here, also, their presence is closely related to the local tectonic histocy, 
and thev include sandstones as well as limestones. 

Neritic shelf limestones which are partly porous and potential storage 
rocks are known from northern Taranaki, Westland, and Southland. They 
all matfc a stage in the geological history when influx of te ratfia l detritus 
was minimal and the land adjacent to the basins was certainly worn down 
more than at any other time. The porosit)' of these limestones is mainly 
caused by their fossiliferous, skeletal, or fragmental lithology. Those in 
Taranaki and west coast of the South Island of Oligocene age, were 
deposited when transgression had reached its greatest extension, whereas 
tlie Miocene limestaaes in Southland were pfOMbly formed when the sea 
was already in a regressive jphase. Here the apparent random distribution of 
these epineritic biostromal Imiestones within an otherwise silt-mudstone f acies 
indicates an open shelf environment, but probably situated well below wave 
base. Increasing tectonic unrest and renewed erosion on land caused muddy 
silt to fine sand to accumulate higher up in the sequence, while repeated 
occ ur tcpce of shell beds towards the top of die Southland Series asDoo- 
sttates antinued regression. This initiated the phase of stnictunl deformaHon 
and strong erosion which in the I'pper Miocene extended at least to areas 
within the margins of the present Waiau Basin, as shown by the oncoofocm* 
able Taranaki Series. 

Shelf sandstones of Mi(xene and Pliocene age form additional potential 
reservoirs in the East Coast, Taranaki, and Waikato Basins. The thick 
Middle to Upper Miocene sandstones on the East Coast are related to a 
major change in sedimentaticHi widi increased influx of coarser material 
particularly from the west, while at the same time local basins of rapid 
subsidence were filled with flysch-type deposits devoid of potential storage 
rocks. Further south along the East Coast Basin, possible reservoir forma- 
tions are those overlying the pre-Miocene unconformity, and as such arc 
related to die advancing diastrophism of the Kaikoufa Orogeny. In like 
manner in the Taranki Basin, the Mokau Sandstone, probably the most 
prospective apart from the Kapuni Formation, was deposttedf vHbcn die 
Patea-Tongaponitu High ceased to be active, while at the same time sedi- 
ment from the west had begun to reach the area. It is particularly developed 
therefore in that direction, but additional sand was brought into the basin 
from the north-east across the still active Ohura Fault. Both in the Tactnald 
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and Wanganui Basins, good clean sands were d^osited during the Pliooene 
because of its particularly high-energy environment, and in Moturoa pro- 
ducible oil has actually accumulated in such sands. Finally, prospective 
Waitemata Group sandstones in the Waikato Basin are restricted to a 
position near the uncoofotmi^ mfk the underlying Te Kuiti Group sedi- 
tnmts, sod represent the b^mning of a new sedimentary cyde in a near- 
shore, sbdlow marine environment. 

ACKNOWLEDGMBNTS 

The writer could not have completed this paper in a comparativdy short time 
witlvDut the very generous assistance of a great number of people. Partnnikrly to his 
colleagues in the New Zealand Geological Survey he owes thanks for many valuable 
discussions on the intricate but fascinating picture of New Zealand geology, all new 
to him, and for drawing his attention to much of the relevant literature. Thanks are 
also due to Professor M. Gage (Canterbury University) for additional information 
on the geology of Canterbury, and to Dr P. F. Ballance and Mr J. A. Grant-Mackie 
(both University of Auckland) for showing the writer details in the field. With 
Dr M. A. Zimmerraann (SNPA), Dr E. F. Twerenbold (Shell), Mr R. C. Sprigg 
(Tasman Petroleum), and Mr R. de Caen (BP), he had many stimulating discussions 
as well as further field excursions. Draft sections of this paper weie critically read 
by Dr C. A. Fleming, Dr D. Kear, Dr I. G. Speden, Dr R. P. Suggat and Mr B. L. 
Wood (all of New Zealand Geological Survey), to whom the writer n ishes to express 
his gratitude 

References 

Adams, J. H. 1910 : The geology of the Whatahitu Subdivision; Riuknmaza Division, 

Poverty Bay. Bull. geol. Surv. N.Z. ti.s. 9. 

Allan, R. S. 1927: The geology and paleontology of the lower Waihao Basin, South 
Cinteibuzy, New Zealand. Tnuu. N^. Inst. 57: 26S-339. 

1937: Tertiary Brachiopoda from the Forest Hill Limestone (Hutchinson* 

ian) of Southland, New Zealand. Rec. Canterbury Mus. 4 (3): 139-53. 

Bailey, £. B.; McCaluam, W. J. 1953 : Serpentine lavas, the Ankara Meian^ and 
fhe Anatolian tlinut Trans. R. Soe. Edinb. 62 (2) : 403--42. 

Ballance, P. F. 1964: The sedimentology of the Waitemata Group in the Talca|>umi 
Section, Auckland. N.Z. // Geol. Geophys. 7 (3) : 466-99. 

Beck, A. C 1964: Sheet 14— Marlborough Sounds. "Geological Map of New 
Zealand 1:250,000." New Zealand Department of Scientific and Industrial 
Research, Wellington. 

Bbll, J. M.; Clarke, E. de C. 1909 : The geology of the Whangaroa Subdhrisioo, 

Hokianga Division. Bull. geol. Surv. N.Z. n.s. 8. 

BiTTERU, P. 1963: Aspects of the genesis of bituminous rock sequences. Geologie 
Mijnh. 42 fS) : 183-201. 

Bowbn, F. fi. 1964a: Geology of Ohai Coalfield. Bull g§ol. Surv. NJZ. na. 51. 

1964b: Sheet 15— Buller. "Geological Map of New Zealand 1 : 250,000." 

New Zealand Department of Sdentific and Industrial Research, Wd- 
lington. 

1967: Early PleistocoBe dacial and associated deposits of the West Coast 

of the South Island, Netr Zealand. N.Z. // Geol. Geopbys. 10 (1): 

164-81. 

Brodie, J. W. 1964 : Bathymetry of the New Zealand Region. Bull. N.Z. Dep. scient. 
iud. Res, 161, 

Bionqbrsma-Sandbrs, M. 1931: On conditions favouring die preservation of chloro- 
phyll in marine sediments. Wld Petrol. Congr. 3 (Hague) Sect. I; 

401-13. 



Copyrighted material 



1128 N2. jfOURNAL OF GbOLOGY AND GB0»ySIC8 VOL. 11 

ftuyiHBls, R. N. 1934a: The relationship of Waitemala FotOHitioo and Ifae MwwilrMi 

Breccias. Trans. R. Soc. N.Z. 81 : 521-38. 



1954b: New fades of the Waitemata Group near Tinopai, Kaipoia 

Hftrboor. N^. Jl Set. Tteimol, 8,36(1): 2»-}l. 

BiiucE, J. G. 1962: The geologjr of the Ndsoo Gtf area. Tnms. Jt Soc. N.Z., 
Geol. 1 (11): 157-81. 

Clapp, F. G. 1926: Oil and gas prospects of New Zealand. BmU, Am, Ass, Pttrol, 

Geol. 10 (12): 1227-60. 

Cope, R. N.; Reed, J. J. 1967: The Cretaceous paieoxeology of the Taxanaki - Cook 
Strait area. ?roe. Asutndas. Imst. Mh, Mtkit. 222: 63-72. 

GOUPBR, R. A. 1960: New 2^ealand Meaoioic and Caiooiok plant microfossils. 

Paleont. Bull. Wellington 32. 

DiBBLEf R. R.; SuGGATE, R. P. 1956: Gravity survey for possible oil structures, 
Kotuku-Ahaura district, North Westland. N.Z. // Set. Ttcbnol. 37 (3) : 
571-86. 

ELPmcx, J. O. 1959: New Zealand oil shale. 4th Trititnid Mm. Caiif. Vnh. Ohtgo 

Pap. 178. 

Feldmeyer, a. E.; Jones, B. C; Firth, C. W.; Knight, J. 1943: Geology of the 
Palmerston-Wanganui Basin, "West-Side ", Nordi Island, Near Zealand. 
The Superior Oil Co. of New Zealand Ltd. (copf 00 opcn file at the 

New Zealand Geological Survey, Lower Hutt). 

Fleming, C. A. 1953: The geology of Wanganui Subdivision. Bull. geol. Surv. N^. 
na. 52, 

1958: Upper Jurassic fossils and hydrocarbon traces from the Cheviot 

Hills, North Canterbury. N.Z. // Geol. Geophys. 1 (2): 375-^. 

1962 : New Zealand biogeography : Tuatara 10 (2) : 53-108. 

Fleming, C. A.; Kear, D. 1960: The Jurassic sequence at Kawhia Harbour, New 
Zealand Btifl. gtol. Surp. N.Z. nj. 67. 

Flmbs, G. 1959: Evidence of slump phenomena (olistostromes) in areas of hydro- 
carbon exploration in Sicily. Wld Petrol. Congr. 5, Sect. I: 259-75. 

FuLORiA, R. C. 1967: Source rocks and aiteria for their rea>^ti<n. BtiU. Am. Ass, 
Petrol. Geol. 51 (6) : 842-8. 

FypE, H. £. 1928: Murchisoa Subdivision. N.Z. geol. Surv. 22iid a Rep.-. 11-4. 

1935: "Geological Map of Matakitaki Survey District 1:63,360." New 

Zealand Department of Scientific and Industrial Research, Wellklgtoa 
(also to accompany Bull, j^eol. Surv. N.Z. ».s. 36 listed below). 

1968: The geology of Murchison Subdivision. Slggate, R. P. (Ed.). Bull. 

geol. Sttrv. N.Z. mj. 36. 

Gage, M. 1949: Late Cretaceous and Tertiary Geosvndines in Westland, New Zea- 
land. Trans. R. Soc. N.Z. 77 (3) : 32^37.' 

1952: The Greymouth Coalfield. Bull. geol. Sun: N.Z. ti.s. 45. 

1957: The geology of Waitaki Subdivision. Bull. ^iol. Sun. N.Z. n.s. 5$. 

Gage, M.; Wellman, H. W. 1944: Petroleum in coal-measures of Greymouth. N.Z. 
Jl Set. Teebnol. B26 (3) : 140-3. 

Gansser, a. 1959: Ausseralpine OphioliQyrobleme. Eclog. geol. Helv. 52 (2): 

659-80. 

Gregg, D. R. 1959: Stratigraphy of the lower Waipara Gorge. North Caatecburr. 
NJS. Jl Geol. Geophys. 2 (3) : 501-27. 

1964: Sheet 18— HurunuL "Geological Map of New ZeaUnd l:250»00O." 

New Zealand Department of Scientific and Industrial Rcseardi, Wd- 

lington. 

Grindley, G. W. 1951: Tertiary rocks at the Brechin Buru, Esk Valley, Canterbury. 
NZ. Jl Set. Teebnol. B33 (2) : 99-125. 



Copyrighled material 



No. 5 Katz- Potential Oil Formations 1129 



1958: The geology of the Sglintoa Valley, Southland. Btttt, gtd, Sutv, 

1960: Sheet 8— Taupe. "Geological Map of New Zealand 1:250,000." 

New Zodaad Department of Scientific and Industrial Researdi, Wel- 
liqgtoa. 

1961: Sheet 13— Golden Bay. "Geological Map of New Zealand 

1:230,000." New Zealand Departmmt of Scientific and Industrial 

Research, Wellington. 

Hatherton, T. 1952: Gravity profiles across the Canterbury Plains. N«Z. // Sci. 
rtcbnol BS4 (l)t 13-20. 

' 1966: A geophysical Study of tibe Southland Syndine Bar//. NJ?. Dep. sci§»t. 

ind. Res. 168. 

Hay» R. F. 1952: The rocks ci the North Auckland Peninsula considered as 
potential aquifers. N.Z. // SfL ttckitol. B33 (4) : 248-37. 

1960: Tlie geology of Mangtfcahia Subdivisioa. Bull. geol. Smtv. SjS, 

ma, 61, 

1967: Sheet 7— Taranaki. "Geological Map of New Zealand 1:250,000." 

New Zcadand Department of Scientific and Industrial Research, Wei* 
llQgtOO. 

1968: Oeteceous greywackes. N.Z. // G0OI, G§opbys. 11 (1): 238-9. 

Hbalv, J. 1947: The age and distribution of the coal measures in Noxtfa Auckland. 

Sci. Congr. Rep. R. Soc. N.Z. 1947 : 281-8. 

1933: The geolorar of the Hunua-Kamarama area, Frankton County, Auck- 
land. (Thesis lodged in the Unitetsity of Auckland library.) 

Hbobbrg, H. D. 1964: Geologic aspects of origin of petroleum. Bmtl. Am. Ass. 
Parol Geol. 48 (11 J : 1733-803. 

1967: Geologic conttok on petroleum genesis. Wld Petrol. Congr. 7 

(Mexico) 2 : 3-11. 

Henderson, J. 1934: Kotuku Oilfield. N.Z. geol. Surv. 28th a. Rep. : 13-20. 

1937: P^tn^eum In Netr Zealand. Butt N.Z, Dep. scieut. hd. Res. 60. 

Hbndbison, T.; Onglby, M. 1920: The geology of the Gidiome and Whataiuta 
Svodinsioii^ Raukumara Drrision. Bull, geol, Sim'. N.Z. nj. 21. 

Hbuvel, van den, H. B. 1960 : The geology of the Flat Point area, eastern Waim- 

rapa. N.Z, // Geol. Geophys. 3 (2): 309-20. 

HOPGOOD, A. M. 1961: The geology of the Cape Rodney -Kawau District, Auckland. 
N.Z. Jl Geol Geophys. 4 (2) : 203-^. 

HotNiBROOic, N. de B.; HARRINGTON, H. J. 1967: The status of the Wangaloon 
Stage. N.Z. // Sci. Tecbuol. B38 (6) : 633-70. 

HOBMIBKOOK, N. DE B.; ScHOFiELD, J. C. 1963: Stratigraphic relations in the 
Waitemata Group of the Lower Waikato District. N.Z. // Geol Geophys. 
6 (1) : 38-51. 

JabloNSKX, B. 1934: General report on the geology and oil possibilities of the Gis- 
bome Land District, New Zealand. Unpublished report of the Vacuum 
Oil Co. Ltd., copy on open file at the New Zealand Geological Survey, 
Lower Hutt 

JcvfBS, 6. G.; Martin, K. R 1963: The geology of tfie Cormrallis area, Manukau 
Harbour, Auckland, fane 11 : 69-76. 

Kbah, D. 1959a: Geology of the Kamo Mine area. N.Z. Jl Geol Geophys. 2 (3): 

541-68. 

1959b: Drury Coalfield, Auckland. N.Z. Jl Geol Geophys. 2 (3): 846-69. 

1960: Sheet 4— HamUton. "Geological Map of New Zealand 1:250,000." 

New Zealand Department of Scientific and Industrial Research, Wd- 
lif^gtOQ. 



Copyrighted material 



1130 N2. JbtmiiAL OF GioiiKnr amd GBomsics Voi. 11 

Kbjol, D. 1961 : Stratigraphy of PdccDO DiHtkt Aoddaad. NJ:, fl G§oL Gtaptfs. 

4 (2): 148-64. 

1964: Kaiaka dhlUiole, oetr Kaitmia, Northland. N,Z. J I Qeol. Gtophys. 

7 (4) : m-VSt. 

1966a N19 Geological reappraisal after first NjptwlM deep geodieEBMl 

drillhole. (Unpublished reports dated 8 Mar. 1965 and 11 Jan. 15MS6 
available at the New Zealand Geological Survey, Lower Hutt.) 

1966b: "New Zealand." In Petroleiun Developments in Southwest Pacific 

Rcskii dnriog 1969. Battf. Aim, Ass, Fmroi, GsoL SO (8): 1788-91. 

KBAI, D.; Hay, R. F. 1961: Sheet 1— North Cape. "Geological Map of New 
Zealand 1:250,000." New Zedaod Department of Sdcatific aad Indus- 
trial Research, Wellington. 

Kear, D.; Schofibld, J. C 1959: Te Kuiti Group. NJ?. // Gtopbj'- 2 (4) : 
685-717. 

1964: Stratigraphic summafy Ngmmhtt SttbdMskML NX // Gt0l. 

Geophys. 7 (4) : 892-3. 

1965: Sheet N65— Hamilton. "Geological Map of New Zealand 1:63,360. " 

New Zetland D epa i t t ne o t of Sdcntlfic and laduttnal Icseifdi, Wel- 
lington. 

(in press): Geokgjr of the Nfamswahk Subdiviskio. BmU, i*oL Surp. 

N.Z. 

Kbak, D.; Watesuouse, B. C 1967: Onerahi Chaos-breccia of Northland. N.Z. // 
GtoL G§opbys. 10 (3) : 629-^ 

Kino Hubbert, M. 1953: Entrapment of petroleum under fajrdrodjmamk cooditiooe. 

Am. Ass. Petrol. Geol. 37 (8): 1954-2026. 

KiKGMA, J. T. 1997a: The geologjr of the Kohurau fault block, central Hawke's 
Bay. N.2. // Set. r0cbnol. B38 (4) : 342-53. 

1957b: The North Iilaod geanticUne In the Hcidee's Bay sector. NZ. Jt 

1958a: The Tongaporutuan sedimcntBtkn m central Hawke*! Bay. N.Z. 

// Geol. Geophys. 1(1): 1-30. 

1958b: Geology of the Wakarara Range, central Hawke's Bay. N.Z. // 

Gtol. Gtophys. 1 (1): 76^1. 

' • 1958c: Possible origin of piercement structure, local unconformities, and 
secondary basins in the Etftem Geoeyndin^ New Zealand. NJZ. Jl Gtol. 

Geophys. 1 (2): 269-74. 

1959: The tectonic history of New Zealand. N.Z. // Geol. Geophys. 2 
<1)\ 1-55. 

" ' I960: Outline of the Cretaceo-Tertiary sedimentation in the eatlem 

basin of New Zealand. N.Z. // Geol. Geophys. 3 (2): 222-34. 

1962: Sheet 11 — ^Daimevirke. "Geological Map of New 7ffflff!V^ 

l:25O»0O0." Ne«r Zealand Department of Sacntific and Indnstrial 
Research, Wellington. 

1964: Sheet 9— Gisborne. "Geological Map of New Zealand 1:250,000." 

New 2^ealand Department of Scientific and Industrial Research, Wel- 
lington. 

1965: Sheet 6— East Cape. "Geological Map of New Zealand 1:250.000." 

New ^Zealand Department of Scientific and Industrial Reseaich, Wd> 
lington. 

1967: Sheet 12— Wdliogloa. *'Geologkal Man of New Zcdaad 

1)250,000." New Zealand I>9eitment of Scientific and Ludoitriei 

Research, Wellington. 

KiiNDiG, E. 1959: Eugeosynclincs as potential oil habitats. Wld Petrol. Congr. S (IJ: 
461-79. 



Copyrighted material 



No. 3 Katz- Potential Oil Formations 1131 

Lensbn, G. J. 1939: Sheet 10— Wanganui. "Geological Map of New Zealand 
1:290,000." New Zealand Departmetit of Scientific and Industrial 

Research, Wellington. 

1962: Sheet 16— Kaikoura. "Geolo^cal Map of New Zealand 1:230,000." 

New Zealand Department of Saentific and Industrial Reseaxch, Wei- 
liogton. 

IBHNBI, E et al. 196$: Oil and Gas. PMhls 8th Commoim. Mm. MttaU. Cangr, 4: 

331-56. 

LiLLi£, A. R. 1933: The geology of the Dannevirke Subdivision. Bull. geol. Surv. 
NJZ, Ma. 46. 

MdMmE, D. J. 1962: Pollen from deeply buried coal measures, Taranaki, New 
Zealand— No. 2. N.Z. // Geol. Geophys. 3 (2) : 314-19. 

MclNTYKB, D. J.; Hareis, W. F. 1961: Pollen from deeply buried coal measures, 
Tai»Daki, New Zealand—No. 1. N.Z. // Gwl. Gtopkys. 4 (4): 400^. 

Mcbnryu, D. J.; Norris, G. 1966a: Lower Tertiary pollen and microplankton from 
deeply buried coal measures, Taranaki, New Zealand. NjS. Jl Geol. 

Geophys. 9 (3) : 243-6. 

1966b : Subsurface Lower Tertiary microfloras from Westland, New Zealand. 

NX // G^l. Gtapby^. 9 (3) : 247-90. 

McXbixak, I. C 1936: Geology of the Takahe Valley district eastern Moidiison 
Mountains. N.Z. // Set. Technol. B38 (2) : 120-8. 

MacPherson, £. O. 1946: An outline of Late Cretaceous and Tertiary diastrophism 
in New Zealand. Gtol. Mtm. N.Z. 6, 

WammatTj p. 1916: The Yoooger limestones of Nevr SSealand. Ttaiu. NJZ. Inst. 48: 

87-99. 

liaawioc, J. 1933 : The geology of the Wharekuri Basin, Waitaki Valley. N.Z. // 
Set. Technol. 16 (6) : 321-38. 

MAaas, B. 1948: The geology of Mandamns-Fahatt District North Canfeeiiraxy. 
Tfmti. R. Soc. N.Z. 77 (5) : 403-28. 

liCaSON, A. P. 1953: The geology of the central portion of HokiaQga County, North- 
Auckland. Trans. R. Soc. N.Z. 81 (3) : 349-74. 

Morgan, P. G. 1911: The geology of the Greymouth Subdivision, North Westland.- 
Bail. geol. Surv. N.Z. «x 13. 

1921 : Oil*wepage near Ward, Miarlboroiigb. NX geol. Sktp. 15th m. Rep.: 

18-9. 

Obqrn, L. £.; SuGGATB, R. p. 1939: Sheet 21 — Christchurch. "Geological Map of 
New Zealand 1:230,000." New Zealand Department of Sdentific and 
Industrial Research, Wellington. 

OffkBR, C B. 1939: On some offshore seismic refraction profiles in the Cook Strait, 
Tasman Bay, and Golden Bay areas of New Zealand. N.Z. // Geol. 
Gmphys. 2 (2): 390-4. 

Qnslby, M.; Macpherson, E. O. 1928: The geology of the Waiapu Subdivision, 
Raukumara Division. Bull. geol. Surv. N.Z. n.s. 30. 

Paik, J. 1886: Auckland Provincial District NJS. geol. Surv. Rep. geol. Explor. 
1883: 136-64. 

Pkk, M. C 1962: *Trhe Stratigraphy, Stn^tore and Economic Geology of tihe 
Cretaceo-Tertiaxy Rocks of the Waiapu District New Zealand." (Thesis 

lodged in the University of Bristol library.) 

QUENNELL, A. M. 1963 : New Zealand paleogeogra^y and petroleum occurrence. 
fne. NZ, Mtg 8$b Commo»w. Mh. Met. Cong^. Pap. 212. 

RaiNWATBR, E. H. 1963: The environmental control of oil and gas occurrence in 
terrigenous clastic rocks. Trans. Gulf-Cst Ass. geol. Soc'. 13: 79-95. 

ReilLY, W. I. 1965: "Gravity Map of New Zealand. 1:4,000,000 Bouguer Ano- 
malies." New Zealand Department of Scientific and Industrial Research, 
WeUingtOD. 



1132 NJZ. Journal of Geology and Geophysics V<m.11 



RiDD, M. F. 1964: Succession and structural interpretations of iht WhangacBr- 
Waimata aiea, Gubooic^ New ZoOaad. NX Jl G«oL G§opbys. 7 (2) : 

279-98. 

1967: Miocene tramcurrent movement on the Poojaroa fault, Wairarapa, 

Nev Zeafamd. NX // Gtol. Gtopkfs, 10 (1) : 20^16. 

RoBOnoN, W. £.; DiNNEEN, G. U. 1967: Q)nstitutionaI aspects of Qil*alutle 

kerogen. World Petrol. Congr. 7 (Mexico) 3 : 669-80. 

Rogers, J. 1964: Coals from Taranaki oil prospecting wells and the carbon ratio 
tfaeocy. NX // G0OI, Gtopbjs. 7 (4) : 900-^. 

— — — 1965: Oil and gas from coal metamoqiliam? Bne, NX M^^mg 8tk 

Common w. Min. Met. Congr. 7 (222), 

Ross, J. B. 1967: Naturally occurring gases in New 21ealand. Rep. Cbtm. Div. 
Dtp, stkai, hd, kts. NX No. CD. 6014. 

SCBOFIBLD, J. C 1967a: Sheet 3-^Anddeiid. *Y>eoiogical Map of New Zealand 
1 230,000. " New Zealand Department of Scientific and Indnatrta] 

Research, Wellington. 

1967b: Geology of the Hamiltoa Region. Earth Set. Jnl., Hamilton 1 (I)'. 

Soyrr, G. H. 1965 : Utility of Haeuslerella Parr TForaminifera) in New Zealand 

Middle Tertiary stratigraphy Paleont. Bull. N.Z. geol. Surv. 38. 

SPBiGinr, R. 1913: The inteonoatane basins of Canterbury. Tram. N.Z. Inst. 47: 
336-53. 

1928: Hie gtaHogf of the llahem Hills. Gtol, Mm. NX 1. 

1938: The geologf of the Mount Somefs District Gtal. Mtm, NX 3. 

Spxigg, R. C; Stackler, W. F.; Braithwaite, J. C. 1965: Petroleum prospects of 
Tasman and Golden Bay areas. Southern Code Stcait; New Zealand. 
APEA Jl 34-47. 

Stbvsms, G. R. 1963: Titfassic Bdemnites in the Torlesse Group of the North 
Island, NX // Geol. Geopbjs. 6 (3): 707-10. 

Stomblby, R. 1962: Marl diapirism near GidKMOe^ New Zealand. NX // Gtol, 

Geopbys. 3 (4): 630-41. 

SuGGATE, R. p. 1950 : Quartzose coal measures of West Nelson and North Wcstland. 
NX // 5a. TtebHol. BSl (4) : 1-14. 

1956: Puponga Owlfield. N.2. // Set. Teebnol, 37 (5): 539-59. 

1957: The geologf of the Reefton Subdiyision. Bull. gfoi. Surv. NX. 

n.s. 36. 

1958 : The geology of the CUxence Valley from Gore Stream to Bluff HilL 

Trams. R. Soc. NJS. 8$ (3) : 397-^. 

1959 : New Zealand coals. Their geologic setting and its on their 

properties. Bull. N.Z. Dep. sclent, md. Res. 134. 

1965: Sulphur in coals from Taranaki oil-prospecting wells. N.Z. Ji GeoL 

Geopbys. 8 (6) : 1213-15. 

(Bd.) (in prep.): The geology of New Zealand. BmU. geol. Surv. NJZ. 

SUGGATB, R. P.; Wilson, D. D. 1958: Geology of the Harper and Avoca River 
Valleys, mid-Caaterbuiy, New Zealand. NX // Geol. Geopbys, 1 (l)i 
31-46. 

Tb Punga, M. T. 1957: live antidtnes in western Wdliogten. NX // Sci. Tecbmol. 

B38 (5) : 433-i6. 

Thompson, B. N. 1961 : Sheet 2a— Whangarei. '•Geological Map of New Zealand 
1:250,000." New Zealand Department of Scientific and Industrial 
Reseatch, Wellington. 

TteMSON, J. A. 1920: The Notocene geology of the middle Waipara and Wefai 
Pass District North Canterbury, New Zealand. Traiu. NX lms$, 
322-415. 



Copyrighted material 



No. 3 KATZ-PoTfiMTIAL OiL FORMATIONS 1133 

Wateruouse, B. C 1963a: Stratigraphic drillhole, Silverdale. N.Z. ]l Geol. Geopbys. 
6 (5) : 717-9. 

1963b: DargKville drillhole. NX. // GmI. Gwpbys. 6 (3): 720. 

1966a: Stratigraphic drillhole, Lake Ohia. N.Z. geol. Surv. Rep. 31 May. 

1966b: Mid-Tertiary stratigraphy of Silverdale District N.Z. J I Geoi. 

Geopbys. 9 (3): 153-72. 

Waterhouse, J. B.; Bradley, J. 1957: Redeposition and slumping in the Cretaceo- 
Tertiaxy strata of SB Wellingtoa. Trans. R. Soc. NJT. 84 (3) : 919-^. 

Watt, D. S. 1965: Natural gas and oil in western New Zealand. Pubis. 8/b 

Commonw. Min. Metal. Congr. 3 : 77-88. 

Weeks, L. G. 1958: Habitat of oil and some factors that control it la "Habitat of 
Oil." Pp. 1-61. Am. Assoc. Petrol. Geol. 

Wbllman, H. W. 1948: Geology of the Pike Rhrer Coalfield, North "Westland. 
N.Z. // Set. technol. B30 (2) : 84-95. 

' 1950: Paparoa-Brunoer Contact near Grqrmouth. N.Z. // Sci. Technol. 

B32 (1) : 9-17. 

1930: Ohika beds and the post-Hokomii Orogeny. N.Z. // Set. Teebnol. 

1953: The geology of Geraldine Subdivision. Bull. geol. Surv. N.Z. 50. 

1954: A note on the geology of Cipe Palliser, New Zealand (Sheet N168). 

N«Z. // Sci. Technol. B55 (3) : 440-50. 

1956: Stnictnfal outline of New 2^and. Bull. N.Z. Dep. seient. hd. 

Res, 121. 

1959: Divisions of the New Zealand Cretaceous. Trmts. R, Soc. N.Z. 87: 

99-163. 

Willett, R. W. 1950: The limestone resources of Southland, New Zealand. Bull. 
geoL SMTP. NJZ. nj. 49. 

WnxSTT, R. W.; Wellman, H. W. 1940: The oil-shale deposit of Orepuki, 
Southland. N.Z. // Sci. Technol. 822 (2) : 84-99. 

Wilson, D. D. 1933: Geology of the catchment of Waimate Stream, South Canter- 
bttty, New ZealflndrN.Z. // Sci. Tecbnol. B33 (1) : 14-21. 

' 1956: Note on the geology of the Ant Stream Tertiary Outlier, Nortfi 

Canterbury, New Zealand. N.Z. Jl Sci. Tecbnol. 37 (3) : 603-5. 

1963: Geology of Waipara Subdivision. Bull. geol. Surv. N.Z. n.s. 64. 

Wood, B. L. 1956: The geology of the Gore Subdivision. Bull. geol. Surv. N.Z. 
nj. 53. 

1966a: Sheet 22— Wakatipu. "Geolc^gtcal Map of New Zealand 

1:250,000." New Zealand Dqxirtment of Scientific and Industrial 

Research, Wellington. 

■ 1966b: Sheet 24 — Invercargill. "Geological Map of New Zealand 

1:250,000." New Zealand Department of Scientific and Industrial 

Research, Wellington. 

— — ^— (in press): The geology of Tuatapere and Aropaki Subdivisions, western 
Southland. BuU. geol. Surv. N.Z. nj. 79. 

Young, D. J. 1967: Oil-bearing Paparoa coal measures near Rewanui, Greymoutfi 
Coalfield. N.Z. // Geol. Geopbys. 10 (3) : 666-74. 



Copyrighted material 



1134 



Vol. 11 j 

i 



ENGINEERING GEOLCXJY OF THE PARINGA-HAAST 
SECTION OF STATE HIGHWAY SIX, 
SOUTH WESTLAND 

D. J. Young* 

New Zealand Geological Survey, Department of Scientific and Industrial 

Reseuch, Greymoadi 

(Rieiiv§d for ^Ukmhu IB Dwctmhtr 1967) ^ 

Absiract 

This report considers some of the engineering*geological factors affecting the 
cboice of route to comi^ete Ifae Isst 30 miles of Stite Hl^iway Six between Paringa 

and Haast in Soutfi Westland. It briefly discusses the geology of the area and some 
of the geological problems subsequendy eocoimtered during road and culvert 
coostructioii. 

iNntoDucnoN 
General 

In 1962 the Director of the New Zetland Geologkad Survey was asked 
by the Commissioner of Works for a geological appraisal of the two 
alternative routes then under consideration to complete State Highway Six. 
Completion of the last 30 miles of this road would link the townships of 
Paiioga and Haast in south Westland and give road acxseis for tlie fiist 
time from north Westland to Otago via the Haast V$m* As a result aa 
appiaisBl of the geological aspects of the project made and a teoooi' 
mendation communicated to the Ministry of Woiks. 

Following this recommendation and the subsequent start of road con- 
struction, geologists of the New Zealand Geological Survey maintained a 
dose association with the project. This report briefly records the geology 
of the area and details some of the engineering-geological psoblems 
encountered during and after road and advert construction. 

Location dnd Topography 

The aiea described Iks between the Paringa and Haast Rivets in south 
Westland, New Zealand (Fig. l), and includes two main types of country. 
Between the township of Paringa and the Whakapohai River the road 
crosses low lying, poorly drained, young-valley fill deposits and Last 
Glaciation outwash gravels. From the Haast River north to Bullock Creek 
the road runs partly through similar terrain and partly along the crests of 
young, well drained beach ridges. Between Bullooc Creek and die Whaka- 
pohai River, however, the topography is steep and rugged, nsicy; to about 
1,300 ft above sea level, with many small, <Kcply inased streams diaming 
densely bushed coastal faces (Fig. 2). 



*Present address: Ocean Mining A.G., P.O. Box 1023, Launceston, TssoMUiiia. 
N.Z. // Geol. Geophys. 11 : 1134-58 
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Fig. 1 — ^Locality map showing the road route, the Alpine Fault, and the Catde Trade 

from Haast to Parioga. 



Length and Standard of Road 

Ahoat 30 miles of road ace included in the area coveted by this report. 
The caixiage-waf for most of this distance is 28 ft wide with carves in the 
steep coastal section generally being designed for faster than 25 mph, 
although a few curves are down to 20 mph. The maximnm grade is 1 in 12. 

Field Work 

The geology of the area was briefly described by Wellman (1955) and 
mapped at a scale of 1 : 63,3^0, but for the purpose of the engineering- 
geological survey this was inadequate. 

The initial geological surv^r to assess the various routes then under 
coostdetatioa by the Ministty of Wotks was carried out by Messrs H. S. 
Gair and D. R. Gteg2 assisted by £. T. Annear and the writer, between 
12-19 April 1962. Tmy were aooompanied for part of this time by the 
Ministry of Works en^ieer-in-charge, Mr T. C. H. Mouat, of Paringa. 

Geological traverses were made of the two main routes, all the major 
streams, and many of the minor streams, as well as the coastline. As a 
result the stratigraphicai succession was established and the distribution 
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of the principal rock units mapped at a scale of 1 : 7,920. Some modifica- 
tions have since been made to this mapping but on the whole they have 
been relatively minor except in two important respects, namely the discovery 
of an additional major fault in Grave Creek, and of extensive areas of 
raised beach deposits. 

Following completion of this survey and the start of road construction 
the writer was responsible for the engineering-geological aspects of road 
building and culvert and bridge construction. 

Geology 

It is not intended to deal in detail with the geology of the region but only 
to consider the various rock units in so far as it is necessary to outline the 
rock types and establish the sequence. 

Schistose Greywacke and Argillite 

The oldest rocks of the area are the unfossiliferous schistose greywacke 
and argillite of the lower Paleozoic or Precambrian Greenland Group. 
Generally the rocks strike roughly east-west and dip to the north, usually 
steeper than 45°. The greywacke and argillite are particularly hard but 
well jointed, a factor of some significance in road building. 




Fig. 2 — Steep coast.il country typical of that traversed by the road between Bullock 

Creek and the Whakapohai River. 
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The present road crosses only two narrow infaulted bands of greywacke; 
south of Murphy Cieek (Fig. 6) where there is a band about 20 chains 
"wide, and north-west of the Whaioupohai Bridge where a second band about 
30 chains wide crosses tiie road. All contacts are faulted. 

Non Marine Sandstone and Conglomerate 

The oldest rocks of a much later period of sedimentation are beds of 
Upper Cretaceous and Lo^'er Tertiary non-marine quartz and greywadce- 
sandstone, and quartz, grej'wacke and granite conglomerate with thin lenses 
of coal and carbonaceous shale. This formation is about 800 ft thick between 
Knights Point (Fig. 6) and Murphy Creek where it is in fault contact 
with greywacke and argillite. Further south in the region of Bishops Folly 
and Buliodc Creek (Fig. 1 Wt may be appreciably thidcer, but the sequence 
here is complicated by foloing. 

The beds strike north-east, roughly parallel with the coast, and in most 
places are overturned to the south-east at angles in excess of 50° (Fig. 3). 

The lower (eastern) contact with the Greenland Group is faulted by 
Amott Fault. 

Ghmconitic Sandstone 

A Lower Tertiary, massive, coarse, green-grey or brown, marine glauconitic 
sandstone conformably overlies the coal measures. It is of unknown thick- 
ness but 430 ft is present in Grave Creek, and mapping near Bullock Creek 
indicates a thickness of about 1,500 ft. These beds strike parallel to the 
coastline and the road, and dip between 45° E (overturned) and 70° W. 

Basalt, Agglomerate, Tuf 

The glauconitic sandstone is conformably overlain by a variable thickness 
of Lower Tertiary tuff which occurs with agglomerate and flow basalt, the 
products of submarine volcanlsm. The basalt is massive and hard, and 
mcludes some pillow lavas and many calcite veins. The tuff and agglomerate 
on the other hand are much softer and weather readily into a dark brown 
"greasy" soil. 

Blue-Grey Siltstone and Limestone 

The volcanics are overlain by about 70 ft of hard, impure, blue-grey to 
white, highly contorted, muddy limestone (Fig. 4). The limestone is of 
Middle Tertiary age and is poorly exposed in the upper parts of Breccia 
and Grave creeks. Along the road line south of Murphy Creek it is 
infaulted, with calcareous blue-grey siltstone, into Greenland Group rocks. 

^sed Beach Deposits 

At least four raised beiiches are preserved along or near the road align- 
ment. They occur at about 40 ft, 70 ft, 150-170 ft, and 420-440 ft above 
mean sea level. Quartz gravel at an altitude of about 1,200 ft on the ridge 
between the headwaters of Grave and Mistake creeks (Fig. 6), although 

possibly residual gravel derived from Cretaceous and Tertiary amglometates, 
may represent a former, much higher, stand of sea level. 
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Fig. 3 — Broken and fractured non-marine sandstone and conglomerate near Murphy 
Creek. These beds are overturned. Some blasting of this material was necessary 
here, and along the coast south of Grave Creek. 



The 420-440 ft raised beach is the most important from the road building 
point of view. It is widest at Knights Point (Fig. 5) where it is over 100 yd 
wide, but elsewhere a width of only 20-40 yd has been preserved along the 
steep coastal faces. The gravel lenses within it are slightly folded and the 
surface has been moderately dissected by the few small streams that cross it. 
As a result this beach now appears as an undulating surface. Its gravels 
are not strongly cemented, although several partially cemented bands 3-4 in. 
thick do project from the face of the outcrop. Most of the material of this 
beach has been locally derived, particularly the many agglomerate boulders 
which come from nearby volcanics. 

An extensive raised beach, Sardine Terrace, lies near the north end of 
Haast Beach between Ship and Bullock creeks. Its surface, again undulating, 
is mostly between 150-170 ft above sea le\'el, and beach gravel at 170 ft, 
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Fig. 4 — Severely contorted, hard Tertiar>' limestone near Venture Creek. 



3 miles to the north between Bullock and Breccia creeks, is probably a 
remnant of the same beach. Sixteen feet of well rounded beach gravel and 
sand composd of quartz, fresh greywacke, and schist, and capping morainic 
silts, sands, and boulders, is exposed in fresh road cuts south of Bullock 
Oeek (Fig. 14a). These beds unconformably overlie probable Upper 
Cretaceous coal measures. Wellman and Willett (1942) discussed Sardine 
Terrace, mentioning that black sands interbedded with its deposits were 
worked for their gold content. 

The other benches at 40 ft and 70 ft are not important to this road. 

Recent River and Swamp Alluvium, Dune Sands 

Most of the Paringa-Haast section of the road has been built on these 
materials with certain precautions (e.g., removal of the larger felled trees 
from swamp areas before filling) being needed in some areas, particularly 
on the heavily forested, poorly drained flats north of Haast River, and 
between Lakes Paringa and Moeraki. 
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Faults 

The area is broken by three sub-paraJIel major faults and many less 
important smaller faults, all of which are marked by crush zones consisting 
of badly shattered and pugged rock. The most important is the Amott Fault 
which influenced the location of the road crossing in Breccia Creek and 
adversely and seriously affected road construction and subseauent road 
maintenance in the vicinity of Grave Creek. The location of this fault in the 
Breccia-Grave-Murphy creeks is shown on Fig. 6, and Figs. 7 and 13 
depict some of its features. Although Arnott Fault strikes roughly north-east 
it is quite sinuous suggesting a rather shallow dip. However, slickensided 
surfaces and the attitude of material within its crush zone show that in fact 
it dips very steeply to the south-east. 

In Grave Creek the severely pugged and crushed rock of this fault zone 
is at least 1,000 ft wide, with a narrower but still extensive zone of minor 
crushing each side of this. Fig. 7 shows the extent to which the rocks of 
this zone have been shattered by fault movement. The crush zone consists 
of blocks of greywacke and argillite up to about 4 ft through, in a matrix 




Fig. 5 — Pleistocene beach gravels 420 ft above sea level at Knights Point. The extent 
of these gravels was underestimated in the early stages of the survey and they 
later significantly atFtxted the overburden-betlrock ratio. Note that they are 
slightly deformed. 
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of very soft, wet, fault pug which can be easily moulded in the hand, and 
which, when wet, acts as an excellent lubricant. The Arnott Fault brings 
greywacke and argillite into contact with coal-measure sandstone and 
siltstone. 

As is usual where rock types of differing hardness are affected by 
faulting the harder rock is the more shattered and broken. In Grave Creek 
and in Breccia Creek this is true, the coal measures being much less frac- 
tured, even close to the fault zone, than the very hard greywacke and 
argillite. 

The Arnott Fault has been traced northwards from Bullock Creek through 
Breccia Creek to Grave Creek, where its strike suggests it should intersect 
the coastline at about Knights Point. However, continuous exposures along 
the road and at beach level at Knights Point fail to reveal it, and Arnott 
Fault evidently swings sharply east to Murphy Creek where severely shattered 
greywacke is in fault contact with carbonaceous quartz sandstone at the 
road crossing. 
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Grave Fault 

Although Grave Fault is a major feature bringing greywacke and argillite 
into contact with Upper Tertiary calcareous siltstone and impure limestone 
it is not exposed along the roadline. However, it has been accurately located 
in Bullock, Breccia, and Grave creeks, and its position is known to within 
2 chains where it crosses the road midway between Venture and Murphy 
creeks. Wherever it is exposed severe crushing is evident. 



Mistake Fault 

A 15-ft zone of pugged greywacke in Venture Creek is the only known 
exposure of Mistake Fault. This fault brings calcareous siltstone and lime- 
stone into contact with gre)n;vacke along a line roughly parallel with and 
about 20 chains to the north of Mistake Creek. Both this fault and Grave 
Fanlt are only crossed by the road once, whereas Amott Fault is crossed 
at lout three times. 



Influence of Geology on Choice of Road Route 

Although the New Zealand Geological Survey was approached in 1962 
to advise on the most suitable of the two main routes along the coast then 
being considered, geology had in fact influenced a decision on the location 
of the rood nmcfa earlitt. 

Before the completion and flpenic^ of the Paringa-Haast section of the 
rood in \96y the only reasonable access to Haast from North Westland, 

other than by air, was the Cattle Track. This route along which cattle from 
Haast and further south were driven north for sale was along Haast Beach 
to Waiata River, and thence inland towards a series of low saddles along 
the front of the Mataketake Range miles inland. The track crossed the 
Moeraki River about 8 miles from the coast and followed The Windbag 
Creek northwards to Lake Paringa (Fig. 1). It might have been expected, 
since this track was well graded and of a lush standard, that the new road 
southwards would have followed its general route. However, for 8 or 9 
miles between the Moeraki River and Coppermine Creek, the Cattle Track 
follows the Alpine Fault, probably being within its crush zone for most of 
this distance. The width of the crush 2one associated with the Alpine Fault 
in this region is not known, but on the basis of knowledge elsewhere it is 
likdy to be at least 200 ft, and possibly up to 1 mile wide. Further north 
in Westland, particularly between Fox Glacier and the Waikukupa River, 
major slips associated with the Alpine Fault have caused serious road 
maintenance problems. As a consequence one of the main reasons a route 
soDtfa vu the apparently more difficult coastal country was chosen was to 
avoid similar difficulties to be e xp eUed in the immediate vidnity of the 
Alpine Fault. However, this decision was made some time before the 
Geological Survey was approached, and it is mentioned here only foe its 
interest 
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In the Whakapohai River to Bullock Ctetk section of the Paringa-Haast 
Road two main alternative routes were being considered. These were 
known as the "coastal" and "inland" routes, although it should be noted 
that the "inland" route was not more than 1^ miles from the sea in any 

{)iace. The basic difference between them was that the coastal route was all 
ess than 650 ft above sea level, whereas the proposed inland route climbed 
much higher, to 1,311 ft. 

Geologically the main disadvantage of the inland route was that much of 
it lay within severely crushed beds of calcareous siltstone and impure lime- 
stone within which severe slipping was expected. Althou^ this route crossed 
all of the major faults the crossings were generally at about right angles 
and would thorefote probably not be too trcHiblesome. 

Geolofiically the main advanta^ of the coastal route was that much of 
it would be coostoucted in massive^ marine, glauconitic sandstone, and in 

coal measure conglomerate, sandstone, and siltstone. The main disadvantage 
was the uncertainty of the position of Arnott Fault between Grave and 
Murphy creeks where it was apparent that the proposed road and the fault 
were roughly parallel and dose together. It was ei^edted that shatCnsd 
rocks associated with Amott Fault would lead to some slipping. 

As a result of the geological survey it was concluded (Gair and Gregg, 
1962) : "On the basis of geology there is little to choose between the two 
routes. There is a slight preference for the coastal route because the forma- 
tions along the coast are more massive and less broken by faulting." 



Estimation of OviiRBURD£xN-BiiDRocK Ratios 

An attempt was made (Young, 1963) to estimate die thickness of over^ 
burden present along the road line, by this time firmly chosen as the 
coastal route, and to estimate the percentage of bedrock that could prdxibly 
be shifted by a Caterpillar D8 or equivalent bulldozer without recourse to 
ripping or blasting. Rugged, portable, single channel, refraction seismo- 
graphs are ideally suited for this type of investigation and such an instru- 
ment would undoubtedly have been of considerable value for this survey. 
However, in 1962 the techniques were relatively new overseas and untried 
in New Zealand, and there was insufficient time for one to be obtained, 
calibrated, and applied. As a consequence only standard geological field 
techniques were used. 

From the appearance of the slopes along the road line, particularly their 
steepness, and from an estimate of how readily the various geological 
formations weathered, a minimum average thickness of 10 ft of overburden 
was suggested. That is, at each major cut along the 8 miles of road it was 
assumed that an average of 10 ft of sc^t material would overlie scAid rock. 
Then for each of the rock types known to be present beneath this over- 
burden an estimate was made of the probable percentage that could be shifted 
without recourse to ripping or blastmg. Three broad categories of rock type 
were involved. 



Copyrighted matsrial 



No. 5 Young - Engineering Geology in South Westland 1145 



Greywacke and ArgHlite 

Although very hard, these rocks are commonly badly broken and jointed 
(Fig. 8) and it was thought that they, for the most part, could be bull- 
dozed. However, a few hard more massive bands were expected to be 
present and it was suggested that 20% of the greywacke should be con- 
sidered as solid rock. 

Sandstone and Conglomerate 

This group consisted mostly of hard, massive, poorly jointed, glauconitic, 
marine sandstone, and similar non-marine sandstone and siltstone with much 
smaller areas of quartz conglomerate. Because of the massive, poorly jointed 
nature of the sandstone it was not thought that this could be bulldozed, but 
because of the probable presence of soft, more jointed, weathered, or faulted 
zones an allowance of 20% was made for material that might be more 
easily removed. 





I 



Fig. 8 — ^Typical jointing in beds of greywacke and argillite near the Whakapohai 
Bridge. The argillite is clearly more broken than the greywacke on which the 
hammer rests. 
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Basalt, Tuf, Agglomerate 

The road line traversed about 40 chains of this material but it was not 
known at the time to what extent it would lie within basalt as distinct 
from the toff and agelomecite. Hie built wm cxnsidered to be txm hud to 
buUdoEe, the tnff mS agglomerate to be soft and leadilf shifted. 

On the idioie these predictkms proved reasonably accmate in that the giey- 

wacke, tuff, and agglomerate could be bulldozed, and the basalt at Knights 
Point, and much of the glauconitic sandstone between Grave and Breccia 
creeks and at Murphy Creek was either ripped or blasted. However, in 
total there was much less blasting over the full length of the road than 
anticipated. This was largely because of the presence of the 420-440 ft 
nisea beach along the coast (Fig. 3), and becanse of the vecy extensive 
toot oi shattered rode on both sides of Grave Creek. 

Between the time these esrimatrs were made and the calling of tenders 
a bulldozed access track was constructed along the road line from the 
Whakapohai River almost to Grave Creek. The outcrops which resulted, 
in an area previously devoid of outcrops, proved most valuable and revealed 
the previously unsuspected presence of the 420-440 ft raised beach. 

By its nature an estimate of this type can only be very approximate because 
of ttie large ntiffiber of unknoiwn factors involved. The most serious of these 
factors was the lack of knowledge about the rock type at each maj(^ road 
cut. This information can be gained by trenching or drilling, but the cost 
involved, and in this case the lack of time available between the choice of 
route and the completion of the engineering surve)\ and the calling of 
tenders, made this impracticable. In addition to the benefits to be jKuned 
from improved access for engineers, surveyors, and prospective tenderers, 
therefore, the track to Grave Creek provided much geological information 
which, had it been available earlier, would have been of considerable value. 



Geological Considerations Affecting the Choice Between 
Bridge or Culvert Construction 

For the 17 small river and stream crossings between the Whakapohai 
River and Bui lock Creek there was no doubt that culverts or large pipes 
would be the most suitable form of bridging because ^ creeks earned little 
water, had steep gradients, and fairly small catchments. 

For the t9ro largest crossings, the Whakapohai River and Bullock Creek, 
bridges were dearly the most desirable because of the large volume of 
water these rivers carr)' in flood times, the relatively unrestricted nature of 
their beds, and because bridge construction could proceed at both places 
without interfering with the progress of road construction. 

The situation with respect to the Murphy, Grave, and Breccia creek cross- 
ing however, was not quite so straightforward, and the construction of 
bridges or culverts was considered. 

The main gedogical reasons for deciding to build large culverts instead 
of bridges were the nature of the topography and bedrock at the sites and 
the small amount of debris which could block the culvert carried by the 
streams during times of £iood. 
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BecBDse of the deeply mdsed, tortuous nature of all the streams between 

the Whakapohai River and Bullodc Creek lar^ trees seldom move far from 
the place at which they fall, very soon becommg jammed in the valley floor. 
For this reason one often serious disadvantage restricting the use of adverts 
did not apply. 



Bnginbbring. Gbologv of Major Culvert Sites 

Murphy Creek 

With a catchment area of 240 acres and a total run-off of about 733 cusecs 
at 3 in. famfaU pec hour, this is the smallest of the three major streams across 
which a culvert was contracted. The culvert is situated in a flat-flooced vallor 
about 40 yd wide 3 chains upstream from a low swampy area. It is 147 rt 
long, 20 ft wide, and 14 ft 2 in. high. 

To test the gravel of Murphy Creek and provide some geological informa- 
tion six test holes were drilled with a small portable, petrol driven diamond 
drill using 5 ft E rods and a 4 ft 6 in. core barrel. Three holes were drilled 
under each proposed abutment. Although core recovery in the gravels was 
very poor it was possible to defcermioe <^>tfa to bedrock. 

Four of the drillholes, to depths of 20, 20, 11, and 24 ft respective^ were 
all still in Recent alluvium, but two drillholes on the north abutment pene- 
trated soft, broken quartz sandstone and quartz conglomerate at 12 ft. This 

material may have been in situ but a test pit sunk to 14 ft near one of these 
holes was still in river gravels. The gravel was predominantly well graded, 
river-worn greywacke and although several soft layers were encountered 
during drilling the material was e3cpected by Ministry of Works personnel 
to have a high bearing capacity. 

Following the completion of the foundation investigations and the 
design of the culvert it was learned that Arnott Fault almost certainly passed 
through the culvert site. The depth beneath the river gravel at which 
bedrock occurs, however, is generally in excess of 20 ft, and as the alluvium 
almost certainly has a lower bearing capacity than the shattered rock asso- 
ciated with the fault, the effect of Arnott Fault at the culvert site was. 
ej^ected to be negligible. 

Subsequent Behaviour of Murphy Creek Culvert 

Before completion of Murphy Creek culvert a measuring programme was 
designed by Ministry of Works personnel to determine the amount of 
settlement of the abutments and slab and the deflection of the arch following 
the placing of the fill. Four checks, including the initial **as constructed" 
measurements were made over a period of 12 weeks. 

Fig. 9 is a settlement graph for the middle portion of the culvert.. 
Curves 4 and 6 are at construction joints at each end of the middle section 

of the Paringa and Haast abutments, and Curve 3 is at a construction joint 
in the middle of this section which is, in effect, acting as a beam. Most of 
the settlement, about 3 in., occurred in the centre of the culvert where 
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Fig. 9-;-Settleinent graph for Murphy Creek Culvert The 
solid lines are for the Paringa abutmeot The broken 
lines for the Haast abutmcat 

the funcmnt of cxrvtc and ihetefoce the load was the greatest. The fifst two 
checks were made when the culvert was only partially comed, and the third 
and fourth after all of the fill had been placed and €0lIl{»8Cted. In sympathy 
with this the graph shows that most settlement occurred immediately after 
the placing of the fill. However, the Haast abutment at section 6 settled 
rapidly immediately following its completion, even before the fill was com- 
pMtedC while the Paringa abutment at section 5 setded at an appaready 
uniform rate throughout. All the curves except the latter indicate that settle- 
meat had i^parenfly ceased within 100 days of construction and loading. 

Hie effects of this settlement can be seen clearly within the culvert. The 

two most obvious results are spreading of } in. at the base of the con- 
struction joints (Fig. 10), and the projection by about 2 in. of the concrete 
invert slab above the abutment in the centre of the culvert (Fig. 11). The 
invert slab was initially poured level with the shoulder of the abutment 
but settlement of the ahitment has left the slab perched above it. Numerous 
fine cracks and some spalling have also occurred. 
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Fig. 10 — Deformed construction joint in Murphy Creek Culvert. Note that the gap 
is about J in. wide at the bottom and decreases in width upwards. 



Reasons for Settlement 

Because, as shown by Fig. 9, stability was attained fairly rapidly the 
primary reason for settlement was probably a reduction in volume (compac- 
tion) of the foundation materials following the expulsion of water in 
response to the loads applied. 

Grave Creek 

With an estimated run-off of 1,173 cusecs at 3 in. rainfall/hr from a 
catchment of nearly 400 acres. Grave Creek is a much larger waterway than 
Murphy Creek. The culvert, consisting of 113 2-ft-wide concrete arches 
bolted together, is 226 ft long, 25 ft wide, and 21 ft high. It is covered with 
about 40 ft of fill. 

During the planning stages it was known that a branch of Arnott Fault 
crossed Grave Creek 40-60 ft downstream from the culvert site, and it was 
suspected that some young, partially overgrown slips on the east bank 
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upstream from the site might also have a fault origin. No good outcrops 
occurred in the vicinity of the culvert site although some large blocks were 
doubtfully considered to be in place. Later it was found that Arnott Fault 
was a very much larger feature than initially thought, and that in Grave 
Creek its crush zone was of the order of 800 ft wide. It passes diagonally 
through the culvert site and its crush zone extends from 700 ft downstream 
to 500 ft upstream (Fig. 6). 

Because the zone was so wide little was to be gained by resiting the 
structure. Shifting the culvert site downstream about 700 ft would have 
ensured that the road and culvert were constructed in relatively sound coal 
measure sandstone. However, as the culvert would then have been about 
75 ft lower, either the gradient of the road down to it would need to have 
been steepened appreciably, or the fill over the culvert increased accordingly. 
On the other hand, to resite the culvert 500 ft upstream beyond the crush 
zone in reasonably sound greywacke and argillite would have entailed con- 
structing 20 chains more road within the fault zone. Because of the large 
amount of slipping that was already being experienced at the time this was 
an unattractive alternative to building the culvert in the position initially 
chosen, even though the bearing capacity of the material was suspect. 




Fig. 11 — Photograph in the Murphy Creek Culvert showing the invert slab projecting 
above the abutment by about 2 in. Before settlement of the abutments these 
were level. 
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The material on which the culvert was constructed is badly shattered 
gr^wacke and argillite. It is light green-grey in colour because of the 
plenttful pcescDce oS fault pug, and contains angular greywacke Mocks up 
to 3ft in diameter (Fig. 7). The pug is not present as discrete layers or 
zones except for occasional partings m less than ^ in., but rather the pag 
is intimately mixed among the larger greywacke blocks. The material is in 
place and for practical purposes can be considered as a reasonably solid mass 
when dry and undisturbed. When wet, however, the pug becomes very 
slippery and tends to act as a lubricant within which the larger greywacke 
blooB ate tran»orted as a dotty if not confined. Becanae S this charac- 
teristic it was obvioas diat the bearing properties of the material would 
be appreciably less than for solid greywaace. As a roult the design-bearing 
intensity of the culvert footings was reduced from 10 tons/sg ft to about 
7 tons/sq ft by increasing the width of the footings from 4 ft to 6 ft. In 
addition, to protect the shattered material in the floor of the culvert from 
erosi(xi by Grave Creek and to keep the rock beneath the footings as dry as 
poss&le, it was decided to mdude a concre te invert slab in its design. 

Following completion of the culvert in August 1963 several measurements 
were made, as at Murphy Creek, to determine its subsequent behaviour. 
Unlike those of Mniptnr Creek culvert the abutments have settled very 

little; the maximum settlement of about f in. has occurred near the centre 

of the culvert, tapering oflF to nothing at both ends. The central construction 
joint has opened slightly and a few hair cracks in the concrete lining are 
also apparent. 

On the whole, however, it appears as though the foundation material is 
quite capable of supporting the structure. Nevertheless, because some settle- 
ment has occurred (although very minor) it would appear that the decision 
to increase the width of & footings and to pave the floor of the culvert 
was justified. 

Breccia Creek 

The des^ of the Breccia Credc culvert is identkal to that at Grave 
Geek eia»t that it is only 170 ft in length. The culvert, not completed at 
the time ot writing, Ues partly over the boundary between hard, massive, 

glauconitic, marine sandstone and well bedded, carbonaceous, non-marine 
sandstone and conglomerate. Elsewhere in the area the boundary appears to 
be gradational, but at the culvert it is a faulted contact, with a few inches 
of fault pug exposed in the creek bed. In spite of this, and in spite of 
some other minor faults and the somewhat fractured and folded nature of 
die coal measures (Fig. 12), this is geologically the best site of the three 
discussed. 

Gbology of Major Slumped Areas 

Setioas sbmping occurred in two regions fdlofwing road constructkMi and 
m both cases ue cause is apparently closely rebted to the geology of the 
area. 

During the road planning stages a roott on the stability of the slopes 

along the proposed route was prcparedT by the New 2^1and Geological 
Survey (Young, 1963). In the rq>ort the route was divided into six sections 
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Fig. 12 — Coal measures at Breccia Creek Culvert site showing their folded and 
broken nature. Several faults (Kcur here with up to about 8 in. of fault pug 
along the fault lines. 



in order of potential instabiiit)-. The main geological factors considered in 
this assessment were the location of fault zones, the attitude of the strata 
and their relationship to the road line, the soundness of the rock, and the 
gradient of the slope. 

Because of the suspected presence of Arnott Fault and the steepness of the 
slope there, the northern side of Grave Creek was considerecf potentially 
the least stable of the six sections. In practice this has proved to be so 
because, since this section of the road was opened up, prolonged and con- 
tinuing trouble has been experienced. When dry the slopes are reasonably 
stable but rain invariably changes this material into a wet, slippery, unstable 
mass which flows downhill carr)ing the road with it. A slip now extends 
well above road level (Fig. 13) and to date, 12 months after construction, 
it shows little evidence of stabilising. No serious attempts to drain the water 
from the slope have been made and it is unlikely that they would meet 
with success until the worst of the slipping has occurred and a reasonably 
stable angle of rest is attained. The geological reason for the slip is 
undoubtedly the crushed and broken nature of the rock associated with 
Grave Fault. 
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Fig. 13 — Severe slumping within the Arnott Fault zone at Grave Creek. Twelve 
months after construction there were no indications that this area was stabilising. 



Another major slip occurred soon after road construction between 20 and 
30 chains south of Breccia Creek. Two possible reasons exist for the instability 
of this area. 

The most likely cause of slipping lies in the fact that the glauconitic 
sandstone and coal measure beds within which the slip has occurred strike 
roughly parallel to the road and dip towards it at a moderate angle. Under- 
cutting of these beds during road construction has possibly led to the 
instability. A second factor, probably associated with the former, and 
perhaps of major importance, is that the zone of shattered rock (Fig. 12) 
occurring at the non-marine sandstone - marine glauconitic sandstone bound- 
ary in this area (but not elsewhere) crosses the slumped area. 

It is not possible without a very full investigation to state to what extent 
this material will continue to slump, but there are some indications that the 
re-aligned portion of the road may now be on or close to bedrock, which 
although still moderately shattered, is possibly in place. 

Similar potential "greasy back" conditions exist 10-12 chains south of 
Breccia Creek where glauconitic sandstone dips seawards at about 45°. How- 
ever, the topography here is such that the potential slip surface does not 
intersect the coal measure - glauconitic sandstone boundary, and as a result 
only relatively minor slipping, when compared with a major slip, is likely 
to occur. 
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Several relatively large slips, generally below road level, have occaned 
aloof the cout where the basalt is ettfaer tiiia or missing. Elsewhere the 
lelativelv mutable ^aucooitk san<teiinft is apfiareatiy (>rotected from sea 
erosion by the basalt 



Rock Types and Their Influence on Battek Angles 

Fie. 14 shows the batter ande one vear after coostructioQ for four types 
of U&ology. The rock types which stand best vertically are Pleistocene marine 

gravel and sand and gladal gravel and sand (Fig. 14a). It is common 
in Westland and elsewhere to have vertical batter angles in this relatively 
soft, semi-consolidated material. When it does fall the material tends to 
drop oS as a thin slab, thereby preserving a vertical face. 

The greywacke and argillite are also satisfactory (Fig. 14b) when the)' are 
not too severely shattered, although the large number of joints generally 
occurring in argillite (Fig. 8) leads to the almost continuous shedding of 
small l^da in freese-and-tfaaw conditions, or during heavy rain. Fig. 13 
iUustrates the effect of severe faulting in this material. 

On the wboh the marine and non-marine sandstone stands leasonably 
well (Fi^. I4c) and provided the larger trees are removed from the edges 
of the mgher cuts no trouble is e:q>crieoced except where the beds d^ 

towards an excavation. 

The least stable material not affected by faulting encountered along the 
road was the agglomerate and tuff at Knights Point (Fig. 14d). It weathers 
readily into small lumps which accumulate at the foot of the face. 



Gbnbral Comments 

Portable SdsmograpA 

In 1962, when most of the engineering geology for the Paringa-Haast 
road was undertaken, portable seismographs were still being developed over- 
seas and none were available in New Zealand. These instruments measure 
the transmission speed of longitudinal waves generated usually, but not 
necessarily, by an explosive charge. From the velocity of these waves reason- 
ably accurate estimates of the rippability and bearing capacity of the material 
through which they pass, to a depth of about 100 ft, becomes poss&le. Hie 
instrument, which can be operated by one person bt^ usuallv has a crew of 
four or five, is rugged and portable and as such is suited for use in steq> 
terrain. 

Use of a portable seismograph would have been invaluable for deter- 
mining the bearing capacity of the foundation material at the Murphy and 
Grave Creek culvert sites, and would have helped materially in determining 
the nature of the excavations along the route. However, bearing in mind 
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the size of the crew and the nature of the terrain, such a major seismic 
sarvcy would undoubtedly have been costly and time consuming and, of 
coane, fmich of the mroimatioa that it would have been yidded was 
obtained later when the access track was built. Nevertheless, in ^ite of this, 
it is clear that portable seismographs are a valuable tool for this and many 
other types of engineering-geological investigations involving subsurface 
conditions. 

Access Track 

Bef<Me the calling of tenders, but after much of the geological work and 
sur\'eying were completed, an access track was bulldozed approximately along 
the proposed road line. This was primarily intended to assist prospective 
tenderers to gain an appreciation of the project, but its value as a time 
saver for surveyors and others cannot be overemphasised. In addition it 
provided valuable outcrop data along the road line where few previously 
existed, and it presented the country in a much more favourable light because 
of the psychological effect of easier access. Not all projects of this type 
warrant the formation of an access track, but the saving in man hours 
consequent on its presence in this case suggests that a similar approach 
may be worth while in other steep, heavily bushed areas. 



Bedding Tests for Culvert Sites 

Hie major problem found by the writer in his studies of the various 
culvert sites was die lack of quantitative data on which to base conclusions 
coQoenung tiie bearing capacity of the various rock types. Apart from the 
use of a portable seismograph the most suitable method would probably 
have been some adaptation of the California Bearing Ratio Method. This 
would need to have been modified to a form suitable for use in the field 
on coarser samples than those normally determined. So far as is known 
no such methodT exists but at Murphy and Grave creeks in particular, quanti- 
tative data that could have been compared with other known conditions 
would have been valuable. 

Drilling 

Valuable information was gained from the relatively limited amount of 
drilling undertaken on the project but it was found advantageous for a 
geologist to be readily available in order to guide the drillers with respect 
to driUing depths. For instance, at Grave Creek culvert site it was known 
that greywacke was the bedrock. The information required was gravel , 
thickness so that as soon as the drill had clearly penetrated the alluvium 
there was no need to drill further. Unless a geologist is readily available the 
only other approach to this problem is to either instruct the drillers to drill 
all holes to a uniform, perhaps excessive d^th, or trust to his knowledge 
of the problem. l 
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Fig. 14a 




Fig. 14b 

Fig.. 14 — Four photographs illustrating the influence of rock t>'pe on batter 
angle, (a) Pleistocene beach gravel, (b) Greywacke and argillite. (c) Non- 
marine sandstone and siltstone. (d) Tuff and agglomerate. Note that the 
beach gravel, although soft, stands vertically; that, where not faulted, 
greywacke and non-marine sandstone and siltstone stand well, and that the 
tuff and agglomerate are the least satisfactorj-. For the effect of faulting on 
(b) see Fig. 13. 
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Fig. 14d 
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OBSERVATIONS ON THE DEBORAH VOLCANIC 
FORMATION NEAR KAKANUI, 
NEW ZEALAND 

John S. Dickey, Jr 
Department of Geology, University of Otago* 
(Rteeived for pMhlicatiom 13 Aufftst 1967, accepted in revised form 5 April 1968) 

Abstract 

The Ddborah Volcank Formation near Kakanui, Soutfi Island, New 2^and, as- 
sists (if lapilli tuffs from two eruptions of alkaline olivine basalt or atlantite 
(TufiFs 1 and II) and a final eruption of melanq>helinite (Mineral Breccia Member). 
The field rdatioas and the topography of die lavas are described. 



Introduction 

The Deborah Volcanic Formation near Kakanui, South Island, New 
Zealand (Fig. 1), contains lapilli tuffs from three periods of volcanic erup- 
tion. These tuff deposits are here named, in order of deposition: Tuff I, 
Tuff II, and the Mineral Breccia Member. The Mineral Breccia Member 
contains peridotitic, eclogitic, and other volcanic xenoliths which were first 
described by Mantdl (1830) and later discussed by Tbomson (1903, 1907), 
Turner (1942), Benson (1944), Roedder (1963), and Mason (1966). The 
results of a recent petrologlc examination of these xenoliths, conducted at 
the Unhrecsity of Otago, appear elsewhere (Dickey, 1968). 



Regional Setting 

Tertiary volcanism in the Kakanui area began during the late Eocene with 
submarine eruptions of basaltic tuff and emplacement of hypabyssal intrusives 
of the Waiareka Volcanic Formation. This formation is succeeded by the 
Totara Limestone, an upper Eocene, tu£Faceous biomicrite. The Deborah 
Volcanic Formation lies on the Totara Limestone and is overlain by a 
middle Oligocene bioq>amidite, the McDonald Limestone. Additional details 
on the regional geology will be found in Gage (1937) and Coombs and 
Dickey (1963). 

Tta Deborah Volcanic Formation 

The distribution of outcrops of the Deborah Volcanic Formation near 

Kakanui is shown in Fig. If. Exposures are continuous along the coast but 
rare inland. The tuffs and adjacent sediments have been gently folded along 
north-west-south-east axes and tilted slightly toward £e south-east. The 



♦Present address: Department of Geological and Geophysical Sdeoces, PriooetOQ 

University, Princeton, New Jersey, U.S.A. 

fXhe grid marks on the borders of the map are based on the national thousand-yard 
grid shown on Sheet Si 36 of the I :'^,560 topographical map scries (NZ^fS 1). 

N.Z. J I GeoL Geophys, 11 : 1139-62 ' 
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thicknest of the tnfF deposits varies consideiaMy. The type sectioD of the 

formation, along the south bank of the Kakanui River estuary is 38 ft thick 
(Gage, 1957). In this section Tuffs I and II are not dearly defined. Together 
they form 36 ft of grey and brown lapilli tuff which lie, with some slumping 
at the contact, upon Totara Limestone. Above Tuffs I and II, 2 ft of 
calcareous tuff with xenocrystal fragments represent the Mineral Brecda 
Member. The top of the fonxiftdoo was here eroded before depositkm of the 
McDonald Limestone. Elsewhere the tuffs are more vohmuoous. Along the 
sea coast north of the river mouth are continuous exposures of 1 50 ft of 
Mineral Breccia Member, 150-200 ft of Tuff II and 55 ft of Tuff I. 

The tuffs of the Deborah Volcanic Formation contain glassy and crystalline 
lapilli, which are much altered to palagonite, zeolites (chiefly a member of 
the phillipsite group), and a montmorilionoid mineral. The pyroclastics, 
including Dombs and rare blocks of lava, are cemented together by carbon- 
ates and zeolites. Often the Mineral Breccia Member is j^remish grey, bearing 
a superficial resemblance to the t>lue ground of kixnbcdite pipes ; Tuffs I and 
11, however, are typically salmon piii or reddish brown. This colour differ- 
ence is apparently caused by a preponderance of crystalline lapilli in the 
Mineral Breccia Member and tachylite lapilli in Tuffs I and II. The three 
tuff units are separated by angular unconformities, one of which is shown 
in Fig. 2. 

Biodastic dikes of hard, tiifiiaoeous Momioite with gtanooaite and detrital 
quartz are exposed in the Mineral Breoda Member near Gee Point. Seldom 
more than 6 m. thick, these dikes can be traced through more than 20 ft of 
pyroclastic beds. Many of them represent multiple intrusions. In colour they 
var)' from milky white to yellow green. Amon^ the Foraminifera, Polyzoa, 
and echinoderm remains in the dikes are Cheilogumbelma ototara and 
Globigerafsis index (Dr N. de B. Hornibrook, pcrs. comm.) which restrict 
the age or the source material to the Kaiatan or Rmuuigan Stages and, there- 
fore, imply derivation from either the tmderlying Waiareka Volcanic Forma- 
tion or, more likdy, the Totara Limestone. 

PBnUXHtAPHy OF THB LAV^ 

Bombs and blocks of lava in the tuffs indicate that the Mineral Brecda 
Member formed from a mdanephelinite magma, whereas alkaline olivine 
basalt or atlantite magmas produced Tuffs I and II. 

The mdanephdinite of the Mineral Breccia Member contains, in its 
groundmass, a fine-grained mat of titaniferous augite laths, skeletal apatite 
prisms, magnetite grains, and micropoikilitic nepheline. Plagioclase is absent. 
The major constituents of the rock are sub-idiomorphic pseudomorphs after 
olivine and phenocrysts of titaniferous augite. The augite is sometimes fresh, 
but the olivme is always r^laced by carbonate and a green mineral, possibly 
cdadonite. lufocfa of the rock is alttted to zeolites and aubonate. 

Minute laths of titaniferous augite predominate in the groundmass of 
bombs from Tuffs I and II; plagiodase (An ,) and an opaque oxide are 
also present; nepheline may be an obscure constituent. The abundance of 
plagioclase is variable, but it is always there. Titaniferous augite and olivine 
form sub-idiomorphic phenocrysts. They are usually pseudomorphed by 
carbonate, greenish material, and iddiog^te. 
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R. H. Hardie, photo 

Fig. 2 — Westward-dipping beds of the Mineral Breccia Member lying unconformably 
on eastward dipping beds of Tu£F II. South Head, Kakanui. 



A less altered representative of the magma which produced either Tuff I 
or II may be the steeply dipping dike intruding lower tuffs of the Deborah 
Volcanic Formation on the eastern shore of the Kakanui River, about 100 yd 
upstream from the highway bridge (Fig. 1). The groundmass of this basalt 
is predominantly plagioclase (Anjo) accompanied by opaque grains, probably 
homogeneous magnetite-ulvospinel solutions (Mr J. B. Wright, pers. 
comm.), and minute prisms of a clinopyroxene. Neither analcite nor any 
feldspathoid has been identified in the rock. Sub-idiomorphic phenocrysts 
ot olivine (Fogg) and titaniferous augite are common. Pyrite of sub- 
idiomorphic and globular habit has been observed in minor concentrations, 
possibly with rare chalcopyrite (Mr J. B. Wright, pers. comm.). Rounded 
quartz xenocrysts, derived probably from the underlying schists, are sur- 
rounded by reaction rims of augite crystals. The slight alteration of the rocks 
has been to carbonate and zeolites. 



Concluding Remarks 

Thomson (1905) recognised a "mineral breccia" and a "barren breccia" 
at Kakanui, and he noted (1907) that the "mineral breccia" formed from 
limburgite magma, whereas the "barren breccia" formed from olivine basalt 
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magma. The "barren breccia" is now regarded as two deposits, Tuffs I and 
II. The compositional difference which Thomson discovered is here confirmed 
and more completely described. This change in composition should be con- 
sidered in any discussion of the origin of the xenoliths in the MfaicnJ 
Bieoda Member. 
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HYDROTHERMAL ASSOCIATION OF PYROPHYLUTE, 
KAOLINITE, DIASPORE, DldOTE^ AND QUARTZ 
IN THE COROMANDEL AREA, 
NEW ZEALAND 

L. D. SwiNDALB* and I. R. Hughes 

New Zealand Potteiy and Ceramics Research Association (Inc.), 

Lower Hutt 

(Received for publication 8 June 1967; accepted in revised form 1^ August 1968) 

Abstiact 

Hydrothennal action has fonned a clay dejposit with a zone containing over 80% 
pyrophyllite and otiher zones containing kadfliite-diddte-<iuartz and kadinite-diaspore 
from andesite m Ifae Coromandel area New Zealand. The deposit was fonned deep 
in the earth at pcessures over 2,000 p.s.i. and temperatures above 55^0. The pyro- 
phyllite in ^ d^osils has the fonxmla 

CAICOHM"^ Ab [SiM^i*] U.»(OH),.N. 

and an X-ray diffraction pattern and differential thermogram similar to, bat not 
tdcntical witfi, those given in the literature. Dickite and lepidocrocite were identified 
in the deposits by X-iay diffxactioa tedmiquei; diaspore by X-xay diffractioD and 
optical techniques. 



IN11U»>UCH0N 

Examples of the effects of hydrothermal solutions upon rocks are common 
throughout New Zealand in eeothermal areas and wherever ore minerals 
have Deen deposited from scuphide solutions. Few studies using modem 
clay mineralogical techniques have been made of the minefalpgical changes 
produced in loda lliese sohitions. 

The alteration at Wairakei has been studied in detail by Steiner (1955). 
Hydrothermal solutions have altered and are still altering tuffaceous and 
arenaceous rodcs, but not interbedded argillaceous rocks, which are nearly 
impervious. He found four main zones, with kaolinite, alunite, and opal 
occurring in the sulphuric acid leaching zone near the surface; kaolin, mont- 
morillonite, and pyrite in a zone of argillisation ; the zeolites, ptilolite and 
analdte; in an intennediate 2one; and adularia in the hottest 2one. 

The minerals produced by hydrotheaoal action depend on tiie oc^^inal 
diemical and mineralogical composition of the altered rock, con^xMition 
of the altering solutions, temperature, pressure, and time. Nearly 100 differ- 
ent minerals are recorded as having been formed by hydrothermal alteration, 
and it is probably safe to say that any mineral formed by weathering has also 
been formed by hydrothennal alteration. The converse is not true. The 



*Piesent address: Food and Agriculture Organizati<Mi of United Nations, RiNne. 
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soiutioDS which oocxic in weathering have a moch Soulier range in composi- 
Hoii than faydcothefmal sofaitioiis, md the nmges of tempentuces and pres- 
stues are also much smaller. In consequence, minerals which are well outside 

the stability field of weathering can be produced by hydrothermal action. 
These minerals are therefore susceptible to attack by weathering after hydro- 
thermal alteration. In many cases, the pink and bright red colours commcmly 
associated with hydrothermal deposits are due to the subsequent oxidation by 
weathering of pyhte produced by hydrothermal action. 

Halloysite and monodinic kaolinite are very common products of both 
weathering and hydrothermal alteration, but nacrite, didote, and probablf 

tridinic kaolinite are formed only by hydrothermal alteration. As Swindale 
(1937) has pointed out, the last three minerals have highly ordered crystal 
structures and the condLitions under which they' will form must be much 
more exact than the conditions which will produce the relatively disordered 
kaolinite and greatly disordered halloysite. Kerr (19^3) says that field rela- 
tionshi{>s show that dickite is usually formed under deeper-seated conditions, 
and is usually, if not always, of hydrothermal origin. 

Pyrophyllite, of particular importance in this study, his never been shown 
to have ben fonned by weathermg, but Metxner (1937), Kimizuka (19^) » 
and Zen (1961) have suggested that it can be formed during low-grade 
metamofphism. It is usually formed by hydrothecmal alteration. 

This report deals with the results of an investigation of some clays formed 
by hydrothermal alteration in the Coromandel Peninsula. The first authentic 
reports of the minerals pyrophyllite and dickite in New Zealand are given. 
Two other unusual minerals, diaspore and lepidocrocite, were also found. 



Location and GfiNB&AL Description of the Dbi>osit 

Location 

The deposit is about 1 mile north of Tairua, on the east coast of the 

Coromandel Peninsula. It forms the prominent, white, rounded hillock d 
Pukepaukena (N.ZJM.S. 1, Sheet N44/338451), to the east of the Talma - 
Whitianga road as it winds from the township up and over the Tairua Hill. 

Gmral Geological Description 

Pukepaukena was mapped, without comment, by Bell and Fraser (1912) 
as a siliceous sinter deposit occurring within or upon propylitised andesite 
of the Beeson's Island Series. The andesites, which occupy an area along 
the coast from Tairua to Hot Water Beach, are mainly hypersthene- or 
I^roxene- andesite lavas, but they are everywhere altered to some degree. The 
extent of the alteration is not described for these particular rocks, but, in the 
commonest type of alteration in the region, pyroxenes and hornblendes are 
partially altered to chlorite and carbonates. In the regions of mineral veins 
the alteration is more intense, with sericite, quartz, and carbonate occurring 
in place of the original andesitic minerab. 
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The andesitic rocks between Tairua and Hot Water Beach are bounded 
to the west by Tertiary rhyolites and dacites. Amongst these rocks many 
reninants of volcanic plateaus can be seen, at heights ranging from 1,500 to 
2^00 ft above sea leveL The andesites^ on the other hand, ace dea>ly dis- 
sected, and rise in thu area to a nvnritmim elevation of 904 ft. Although 
differential earth movements and the general downwarping of the area 
make it impossible to deduce much from these differences in altitude, it seems 
certain that several hundred feet of andesites have been eroded away to 
eipose the mineral veins and hydrothermally altered rocks. 

Description of Deposit 

The mound of Pukepaukena projects some 50-100 ft above the surround- 
ing countr}'side. It is shaped, in plan, roughly like the sounding-box of a 
fiddle (a botanist might call it panduriform), with its longer axis lying 
east-west. A sketch of the plan of the dome, taken from an aerial photo- 
graph, is shown in Fig. 1. The dome is about 7 chains long and 3} chains 
across, and has a a surface area of about 1) acres. 

Honntng across the dome, from approximately south-west to north-east, 
is ft bano of siUceoos sinter, wfaidi may mark the fissure from which the 
Ofifflwl solutions issued. The siliceous sinter separates the mound into 
western and eastern parts, of which the eastern iis much the larger. 

Seven separate 2ones are recpgnisable in an escposed bank on the western 
side of the siliceous sinter. They are named and shown in plan and section 
in Fig. 1. The names indicate the main mineralogical constitutents found in 
them. Although the exposure is only 7 ft high there is evidence that the 
zones continue for 50-100 ft down the hillside. 

The part of Pukepaukena to the east of the siliceous sinter was examined 
only at surface outcrops. It consists of white and light brown, highly altered, 
cfUMnted fcaoltn rodL 

Brown, white, and purplish, friable, non-sticky clays are exposed, some 
wilii rdkt stroctuie cf the original rod^ about 3 chams north of the main 
western exposure. This materia is considered to constitute die outer 2one of 
weathered, regionally altered andesite. 



Dbscription of Samples Taken and Results 

Representative chip and day samples were taken from all zones of the 
western part. Several grab samples were taken from the eastern pert, die 

siliceous sinter, and the outer zone. Chemical analyses of representative 
samples from the western part of the deposit are given in Table 1. 
Chemical analyses for the <2 /x clay from some of the zones are given 
in Table 2. Figs. 2 and 3 show X-ray diffraction patterns and differential 
themiograms r esocc ti vciy for sanmles of partkular interest. A snminary of 
the mineralojgical conmositions or tiie -various zones and parts is given in 
TaWe 3. r~ «> 
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WESTERN SILICEOUS EASTERN 
PART SINTER R^RT 



a Diaspore Iron Oxides Kaolin 

b Diaspore Kaolin B 

c Diaspore Kaolin A 

d Pyrophyllite Kaolin 

e Pyrophyllite 

f Quartz Kaolin B 

g Quortz Kaolin A 
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Fig. 1 — Piilffptnlcfiuk Upper: plan showing parts and aoQCs. Lower: aectian of 

western part. 
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Table 1 — Qiemical Analyses of Whole Samples from Western Part and Outer Zone 





Wenerii Part 


Outer 
Zona 




Quartz 
kaolia 
A 


Quartz 
^^^^^^ 

B 


Pyro- 
poytute 


Pyro- 
phyllite 
kaolin 


Diaiporc 
kaolin 
A 


Diasporc 
B 


Diaspore- 
irtm oxide- 
kaolin 




Sample 
Ha. 




68/lQK 


62/7 


62/8 


63/109 


63/106 


63/107 


62/10 



% 


% 


% 


% 


% 


% 


% 


% 


560 


48-5 


60-5 


45-2 


43-7 


43-0 


40-3 


49*1 


0-4 


0*4 


0-2 


0*2 


0*2 


0*2 


0-3 


0*2 


30-7 


37-0 


30-9 


37-9 


40-1 


38*6 


37-5 


34-2 


0*6 


0*6 


1-1 


3*0 


1-5 


3-7 


7-3 


1-7 






0*4 


0-4 




O'l 




0*8 






0-1 


0-1 


traces 


traces 




0-4 


0-2 


0-2 


0*2 


0-1 


0-1 


0-3 




0*4 


<0-l 


<0-l 


tmca 


0*1 


<0'1 


<0-l 




O'l 


11-4 


130 


6*8 


13-0 


13-5 


13-5 


13-6 


12*8 


0-7 


0-3 






0-6 


0-6 


1-0 





SiO, 
TtOi 
AbO, 

CaO 

MgO 
NaiO 

ICO 

H,0(+) 

H.O(-) 



Tabu 2— Chemial Analyses of llie <2 |i Fiactkns 



Zone 


Pyrophyllite 


FyiopliyUite kaidin 


Diaspofekioliiiil 


Sample No. 


62/7 


62/8 


62/9 




% 


% 


% 


SiO. 


62'7 


45'9 


41-5 


TiO, 




0-4 


0-5 


AUOi 


29-7 


37-0 


41-7 


FckOi 


1*0 


2-8 


0-8 


CaO 




0-2 


0-1 


MgO 




0-1 


traces 


Ni«0 


0*2 


0-2 


0-3 


K>0 




0-1 


0-2 


H.O(+) 


5-8 


12-6 


14-6 




0-6 


0-7 


0*3 
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The Western Part 

Quartx-KMoUn Zone A — bcown stained, ffmc i tlr n l daf 

The mam mineial coa^oneat of tbk looe is kiolifiite» which makes vf 
about 75% of the zone. There is about 20% quartz, 5-3% diddte (m 
additicm to the kaolinite), and small amounts of mica and iron oxides or 
sulphides. A chemical analysis of sample 63 101 is shown in Table 1. The 
occurrence of dickite, which has not been previously recorded in New 
Zealand, is discussed more fully in a later section. 

Quartt-Kmlin Zone B— whiter oementied diqr 

KaoUntte is also the oiajor ooDstitneat of this 20oe, comprising about 
85% of the total. About 7% quartz, 5% pyrophyUite, a little did^e, and 
A txace of mica make tiie remaining minerals. A chemical analysis of 
sample 63/102 is given in Table 2, and it can be seen that the FesOs 
content of this zone; like that of the previous zone, is very low. 



Fig. 2 — X-ray difftaction patterns using relatively unoriented powder samples. 
A — ^Representative sample from pyzophyllite 
and kaolin. 




A 
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Pyrophyllit0 Zone — ^vari*cd[oared day 

The zone contains approximately 80% pyrophyllite, 5% each of quartz 
and kaolinite, and small amounts of cristooalite, dickite, and pyrite. 
Both X-ray diffraction patterns (Fig. 2) and differential thermograms 
(Fig. 3) are characteristic of pyrophyllite. In the differential thermogram 
a jpnoooiificed exodiemik: peak occurs at 320^c as a result of the oxidadoa 
oT pyrite. A chemical analysis of a represeotatiive sample is shown in 
Table 1. There is almost a complete absence of alkali and alkaline earth 
oxides. When the chemical components of the above minerals are calculated 
and compared with the chemical analysis, some 6% ALOg and 2% H2O 
remain unaccounted for. These are approximately the proportions of 8% 
of gibbsite (Al(OH)a), but neither gibbsite nor any other crystalline 
ahitninium oxide was identified. A likely possibility, discussed more fiiUy 
in a later section, is that die pyrophyllite contains almninium additional to 
that shown in the classical formula: substituting for silicon in tetrahedral 
positions in the lattice, and as an hydroxylated cation in interlayer positions. 




Pte. 2 (contd.). B — Representative sample from diaspore kaolin zone A showiqg 
resolution of kaolinite side spacings (4 -0-4 -5 A), c — Representative sampfe 
from outer zone showing lack of resolution of kaolin mineral side spacings. 
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Fig. 3 — DiflFerential thermal analysis patterns. All samples Mg saturated and 
equilibrated at 36% relative humidity: (a) — Representative sample from 
pyrophyllite 2oa^ showing pyrophyUite; kaolin, and pyrite; (b) — Clay fraction 
(<2/i) of representative sample from pyrophyllite kaolin zone showing broad 
kaolin peaks; (c) — ^Representative sample from diaspore kaolin zone A showing 
kaolibi, diaspore; and pyraphyllitie; (d) FjnopfayUite; dajr fiactioa «2 ji) horn 
pjriophyUifee xone. 
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Tabis 3— SvnuiMuiMd Minefak^ddd Gotnpoiltioot of Flult aod Zoom of 
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The <2 fi faction was aepuated from ooe lample and analysed sq>arateiy. 
It was found to consist almost entirely of pyrophyllite. The chemical analysis 
of this fraction, shown in Table 2, corresponds to a composition of 90-95 
pyrophyllite, with about 3% kaolinite, 1% gocthite, and l^c quartz. Once 
again, more alumina and water than can be accommodated by classical 
ftfC sho)wii by the cfacmtotl uudysis. 

Under the miaosc(K>e, the pyrophyllite appears both as coarse irregular 
grains testing on the Mflil deavage aiid ts oua flenote lnmeHiic, Enfasdnl 
giams of 2iixx)ii ue oQoiiDoa tfaroq^w^ 

PyropbyllHt Kaolm Z^^'-^wliite diy witli ffeooei 

This zone ooosists of 70% bu)Umte, 10% each of pyrophyllite and 
quartz, and a smaller amoont of pyrite. There ace tiaces of f dds{»ar, cristo- 
balite, inica, diddte^ and diaspore. The kaolinite cndothennic peak in the 

differential thermogram (Fig. 3) is rather unusual in being exceptionally 
broad and shallow, and extends from about 400 to 700°c. The presence of 
pyrophyllite, with endothermic peaks which overlap the upper part of the 
kaolin endotherm, undoubtedly contributes to the broadness ot the peak. 
The kaolinite eaodiermic peak at 96XPc is shacp and dear. 

In the diemical analysis (Table 1) the difiaeooa from the pyrophyllite 
zone (less silia^ mote alumina, and mote water) ate m line with the 
mioeialogical residts. There is also moce icon oodde. 

The day fraction was analysed separatdy, and was found to consist of 
over 80% kaolinite, 5% pyrophyllite, 5% qoactz, and 3% pyrite; A very 

large exothermic peak in the differential thermogram at 360°c is caused by 
the oxidation of pyrite. The kaolin endotherm in this fraction, like that 
of the whole sample, is broader than usual. The chemical analysis of the 
day fraction, shown in Table 2, is very similar to that of the whole sample, 
shown in Table 1. The compositioo of the two ffiuft be irery stmilar, 
altfaoogh the sample contains only about 60% of day. It is dear fcom thu 
that the hacd angular fragments in the sample ha^ a stmilar oompositiQn 
to the clay matrix. Cementation is probably onised by amoiphoos silica 
or alumina. 

Diaspore Kaolin Zone A — white cemented clay 

Beside the pyrophyllite kaolin zone, which contains flat, cemented skoats 
in a loose day matrix, is a zone of hard, white, kaolin rock. Kaolinite 
comprises approximately 85% of the zone, and there is 5-10% diaspore, 
5-5% pyrophyllite, small amounts of quartz and pyrite, and traces of dickite 
and feldspar. Hie X-ray ^Sntiaoa pattern for sample 63/103 (F^. 2) 
was obtamed fcom a relatively nnociented powder sample^ and the high 
resolution of the peaks between 4*5 and 4*0 X ^d again between 2*53 and 
2*2 A (not shown) is evidence for a well ordered kaolinite. In the differ- 
ential thermogram of the same sample (Fig. 3) the main kaolinite endo- 
therm is very broad and deep, like that of the kaolinite in the pyrophyllite 
kaolin zone. A minor peak on the descending line at 500°C is due to 
dktspore, and a second minor peak on the ascending lunb at 650^ is 
thoa^t to be dxie to pyrophyllite. 
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The <C2 fi fraction of a grab sample was analysed separately. A chemical 
analysis is shown in Table 2. The fiaction cooststs ci about 83% kaolintte, 
minor anwumts of diaspore, pyrophyllite, and traces of pyrite, feldq>ar, and 
asedlite. 

A thin section cut from a hand specimen taken from this 2one showed 
a matrix of very fine-grained, almost isotropic, day with occasional patches 
of goethite and leucoxene, and grains of diaspore. The thin, colourless, 
flexuose lamellae of pyrophyllite occurred in patches and veins, usually 
surrounded by a thin skin of iron oxide, and usually showing local flow 
structures. 



Diaspore Kaolin Zone B — ^green cemented porcellanic day 

This zone is distinguished from the previous one by its greenish colour, 
greater cementation, and the presence ot veins bounded by iron oxides. The 
main analjrtical difference is mat the green zone contains about 2) times as 
mnch iron oxide as the wlats zone (see Table 1). The zone consists of 
90% kaolintte, with the same very broad endotfaennic peak in the differ- 
ential thennogram as in the pyrc^hyllite kaolin zone, and the first diaspore 
kaolin zone. Minor consituents are diaspore, goethite, dickite with traces of 
pyrophyllite, and mica. Lepidocrocite and goethite are found in the brown 
and black borders of the brighter green veins which run through the zone. 
The main constituent of such veins is kaolinite. 

A thin section cut from a grab sample from the zone shows a fine- 
grained day matrix with a deg^ of ptefened orientation which suggests 
• stintrtng or flow stracture. The matrix is stained and streaked with golden 
brown iron oxides. Occasional grains of dia^ore, cristobaUbe, and ztrcxn 
oocnr tfamogh the slide. 



Diaspore Iron Oxides Kaolin Zone — brown-stained clay 

The characteristic feature of this zone is that it retains some of the 
texture of the rock from which it was derived. It contains 80% kaolinite, 
109^ goethite and lepidoccodte, y% diaspom, and traces of pyrophyllite, 
cpidote, mica, and zeolite. 

Veins of green kaolinite day bounded by goethite and l^idocrodte run 
through the zone. A thin section cut from a hand specimen mdudes one of 
tbese green veins. The cential part of the vein is composed mosdy of 
ooloniless, line>gnuned, nnoriented day» with small patches of pale yellow 
iron oxide occurring throughout. On the sides or the vein the day is 
oriented. The iron oxides surrounding the vein seem to be derived from 
pyrite and show a consistent pattern of dark red interior, a red intermediate 
zone, and a brown to yellow outer zone, the colours probably representing 
diffttent oxidation and Iqrdtation states. The vein probably represents a cnux 
to which have mktated the irtxi ooddes or pyrite in the altering lock. Later 
action, either hy<&othermaI or weathering, has caused kaolinite to fill the 
crack. Occasional laths of sericite occur, usually fractured and partly 
chloritised, and in some cases completely replaced by fine clay. Fine epidote 
is common in patches, and accessories include diaspore, aistobalite, and 
zircon. 
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The Eastern Part 

Four ^rab samples of the white Inolin rack of the eutem part of 
Pokepatikeoa were takm fram surface expomrei. All four siin|^ei were 

mineralogically similar to the quartz kaolin aooe of the western part {see 
Table 3). The main constituents of ail four were kaolinite which ranged 
from 55-90% and quartz which ranged from 5-35%. Small amounts of 
dickite and diaspore were also found. 

The band of siliceous sinter aooM the centre of the dq>osit consists 

almost entirely of quartz. Thin sections taken from two positions show 
dense arrangements of uniformly sized quartz crystals. Small euhedcal 
crystals of zircon were very common throughout. 

tb9 OmUt Zone 

Two samples ttken in and below a smill bank some 70 (t north of the 

edge of the diaspore - iron oxides - kaolin zone, and a single auger sample, 
taken midway between these two and the edge of the diaspore - iron oxid« - 
kaolin zone, were analysed. All three samples contain a kaolin mineral with 
a las well ordered structure than occurs in the previous zones. An X-ray 
diffinctioa pattern of the unocieated day is shown in Fig. 2. The peaks 
between 4*5 and 4*0 A are poorly resolved. Other major coostttnents are 
pyraphylltte and montmorillonite. The chemical analysis for one sample 
shown in Table 1 indicates that the mootmocillooite is essentially aluminous. 



Genesis of the Deposit 

The andesltes of Coromandel have been extensively altered, presumably 
at the time ci emplacement of the gold and silver. The aitecation has beea 

studied by numerous workers, the most detailed work having been done 
by Finlayson (1909). In the most extensive type of alteration the ferro- 
magnesian minerals were changed to carbonate, magnetite, and "chlorite". 
The chlorite was identified microscopically, and most of the material is 
probably montmorillonite. Where the alteration was more intensive, in the 
Txdnity of veins of gold and silver, the original aadesite was changed to a 
mixture of carbonates, sericite, quartz, pyrite, and magnetite. Dr A. Ewart 
(pers. comm.) has identified much montmorillonite by X-ray diffraction 
techniques in borehole samples from the Waihi mine. He found little 
evidence of chlorite. 

The intensive alteration described in this present paper is not associated 
with the emplacement of gold or silver, and the hydrothermal solutions 
were dearly different from those which produce carbonates and secidle. 
G>rn)ded gfMos of seriate and ^idote occur in the diaspore- iron oxides- 
kaolin zone. Their presence suggests that regional hydrothermal alteration of 
lower intensity may have preceded the inteose alteration which produced 
the pyrophyllite-kaolin-diaspore associations. 
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It seems reasonable to assume that the quartzite band marks the original 
£ssure throueh which the hydrothermal solutions issued. As the activity 
deocased tad the solutions cooled, quartz was dc{>osited to fill the fissiue; 

The presence of pyrophyllite^ diodte, and diaspoie indicates that the 
dtpo aiU were originally formed deep in the earm under pressures and 
temperatures much higher than those that exist at the surface. Data from 
Roy and Osborne (1954) for diaspore and Carr (1963) for pyrophyllite 
show that the pressures must have been greater than 2,000 p.s.i., and the 
temperatures greater than 335 °c. 

The conversion of kaolin + quartz into pyrophyllite + water occurs only 
between 3380c and 450°c d^nding upon the pressure of water in the system 
and the activity of silica in flie sohition (Can and Fyfe, I960). High silica 
activities favour the focmation ci pyiopl^llite. At low silica activities, 
kadinite will be transformed into pyic^hyllite and dia^xite if the tempera- 
ture is high enough. The former reaction has apparently occurred in the 
pyrophyllite and pyrophyllite kaolin zones, and the latter reaction in the 
kaolin diaspore zones. 

In some of the zones pyrophyllite, kaolin, diaspore, and quartz are all 
present. The phase rule requires a £xed temperature and pressure for these 
fbnr phases and water all to be in equilibnum. Fixed conditions are most 
oolikel^ in a faydrothecmal situation, and it is mote probable that variations 
ia^ the activities of silica in the various zones have produced different 
mineral assemblages which have not then come into equilibrium with the 
final silica activities in the last stages of alteration. 

Most of the inner zones are virtually free of iron oxides. Presumably the 
solutions contained sulphides which caused reducing and acid conditions. 
Some iron was precipitated as pyrite but most was sw^t out of the altering 
rock. 

As hydrothermal activity waned, temperatures would fall and reactions 
between minerals cease in the zones away from the fissure. Nearer tlM 
fissure, however, solutions with h^ silica activities but lower temperatures 
probably would continue to pass and cause the pyrophyllite formed at higher 
temperatures to revert to kaolin and quartz. As the temperatures decreased 
further, silica in the solutions would be deposited in increasing amounts 
towards the fissure. 



Detailed Bvidemce for Uncommon Minerals 

As a number of minerals are recorded here for only the first or second 
time in New Zealand it seems advisable to give more detailed desaiptions 
of their properties. 

PyrophylUt^ 

An X-ray diffraction pattern of a <2 day sample from the pyrophyllite 
aone is shown in Fig. 4. The sample is thought to contain 90-95% pyro- 
phyllite, 10% kaolinite, and traces of oxides. The pattern was obtained 
with an unoriented powder sample using filtered CvKa radiation in a 
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Philips X-ray diffract ometer, at a scanning rate of ^° ^/minute, a time con- 
stant of 4 seconds, a count rate factor of 16, and a slit setting of 1°, 0*2°, 
and 1° for incident, receiving, and scatter slits respectively. The pyrophyllite 
peaks and their relative intensities are given in Table 4 together with the 
peaks and intensities for two pyrophyllite samples lecorded in Americaii 
Petrol. Inst. (1931) and Gtuner (1934). The geaetal coctespoadence is 
good, the most noticeable difference bel^eea this sample and the others 
bdng the presence of a strong reflection at 4*258 A, which is not attribatab]^ 
toquartz. 

Hie chemical analysis of the sample, shown in Table 2, confirms the 
absence <j£ MgO from the mineral. When allowance is made for the small 
amoonts of kaoiintte and quartz in the sample, there seem to be small 
ocesses of alumina and water, indicatiog some substitution aluminium 
for silicDQ in tetrahedral positions. The adculated formula is 

tAl (OH) JVi Al, [Si,.« Alo-xo] 0,.„ (OH)..,o 

A differential thermogram of the same <2 ft, fraction is contained in 
Fig. 3. The sample was Mg saturated and equilibrated at 56% relative 
occur below 100°c and at 800°c. An exothermic peak at about 380°c is 
obscured by the broad endothermic trough of pyrophyllite which extends 
from about 500-700°c with a minimum at 600°c. Other endothermic peaks 
occur below 100°c and at 800°c. An exothermic peak at about 380'^c is ^ ^ 
probably due to the oxidation of a small amount of pyrite in the sample. ^ 

The mineral is optically negative, with parallel extinction, and gives good /i^i^uc*' 
acute bisectrix figures. It has a refringence always greater than balsam, strong 
birefringence, and a 2V approximately 60°. 

Morgan (1902) doubtfully identified pyrophyllite by its greasy feel in the . 
Waihi mine and at Wharikirauponga, north of Waihi, but later (1927) 
decided that both records were doubtful and should be discarded. It seems 
that he may have been right the first time. 



Identification of small quantities of didctte in samples containing much 
holinite and smaller quantities of other minerals is difficult It depends upon 
careful examination o( the peaks occurring between 4*5 and 3*7 A, and 
again between 2*8 and 2*0 A. The peak occurring approximately at 3*42 A 
is a fairly good indicator, provided it is pos^e to show that no zeolites 
OGcur in die samples. 

The best example of diddte occurs in sample 63/1 10c, and an X-ray 
powder diftactkm pattern over the significant region is shown in Fig. 4. 
The pattern was obtained from the 5-2 ;t fractton of the sanq>le, with ^ 
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Table 4— X-Ray Powder DifFncttoo Dtia for Pyrophyilite 
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CuKa radiation, and a scanning speed of i° ^/minute. Dickite is indicated 
by the 3*77, 3'42, and 2*97 A peaks, by the greater intensity of the 4*12 
over the 4*18 A peak (not resolved) and by the relatively weak 2*52 A peak. 



Diaspore 

Diaspore occurs as a minor constituent of many of the samples. It was 
positively identified by X-ray diffraction and by optical methods. An X-ray 
diffiactkn pattern of sample 63/105 is shown in Fig. 4. The pattern was 
cbtained wttfa a non-oriated ponder san^e, with filtered OiKa ladiation, 

at a scanning rate of 0/mmatiB, The sensitivity of the recorder was set 

to bring out the diaspore peaks, and the peaks of the basal spacings of the 
kaolinite, which dominates the sample, were allowed to go off scale. The 
diaspore peaks are marked in the figure. 

In the differential thermograms of samples 63/105, 63/106, and 63/107, 
small endothermic peaks at around 520°c on the descending limbs of the 
main kaolinite endotherm are thought to indicate diaspore. 

Diaspore was identified in thin secti(Mis as wedge-shaped subhedral grains 
with very high relief and extreme birefringence. The grains were sometimes 
coloodess and sometimes coloured, the latter showing a violet or lemon- 
yellow pleodiKMsm. 

The only previous discovery of diaspore in New 2^and was made 
miaoscopically by Hutton (1946) in river sands in a tribotaty of the 
Maungakirikiri Stream. The mineral had a = 1*701 ± 0-003, = 1*721, 
y = 1*750, y — a = 0'049. It was optically positive, and had a 2V of 

approximately 85°. The locality is of particular interest because of the 
extensive deposits of siliceous sinter developed in propylitised andesite in 
the area. 

Lep/docrocife 

Lepidocrocite was identified by X-ray diffraction in the iron oxides 
surrounding veins in the diaspore kaolinite and diaspore - iron oxides - 
kadm zooes. An X-ray diffraction pattern is shown in Fig. 4, with die peaks 
of lq>idoaodte marked. Goethite also is a constituent of the sample. The 
Icpidocroctte has probably formed as an oandation product of pynte. 



Conclusions 

(1) Hydrothermal action has formed a deposit of clay, containing pyro- 
phyliite, kaolinite^ dia^poce^ and dickite, from andesitic rocks in the 
Coromandel area. 

(2) The deposit is divided into western and eastern parts by a band of 
silioeoiis sinter thought to represent the central fisaire. 
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(3) The western part is divided Into seven vxm. Que me ooofaois over 
80% pyrophyllite^ and odiecs ue ci kuilintte-dkidte-qiiutz tad kaoUnke- 



(4) The eastern pact, whSA is about an acre ia area, coosists of a vupog 
oiixtiue of kaoUnite and qoaftz, with small amounts oiF diddte. 

(9) The dc{>ostt8 wece fotmed deep within llie earth at pressures above 
2,000 pjjL and temperatures above 333^C bf waves of solntioiis with 
dMering activities of soluble silica. 

(6) The f onnnla of the pfcoplqrllite minecals is 

£A1 (OH)JVi Al. [Si..^ Alo.«o] 0,.„ (OH)„. 

and the X-ray diffraction pattern and differential thermogram is similar to, 
but not identical with, patterns given in the literature. In particular this 
mineral had a strong X-ray reflection at 4*258 A which could not be 
attributed to <]Qaftc. 

(7) Dickite and lepidoctocite were identified in the dq>osits by their 
X-ray diffraction patterns. Dia^re was identified by its X-cay diffrarrion 
patton, and imder the petrographic microsoope. 
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NOTES FROM THB NEW ZEALAND GEOLOGICAL 

SURVEY— 5 

New Zealand Gbological Survey Staff 
DepAttmeot of Sdeadfic and Industrial Roeafdi 

(RiKtivd for publication 22 July 1968) 
iMIKODUCnON 

The sheet numbers (e.g., S62) of the grid references and sample numbers 
used throughout these notes are those of the 1:63,360 topographical map 
series (NZMS 1) published by the Department of Lands and Surve)-, Wel- 
lingtOQ. The co-ordinates that follow the sheet numbers are based on the 
Neir Zealand 1,000 yd grid printed on this map series. Hie same sheet 
numbers and grid are shown on die 1:63,360 and 1:230,000 geological 
maps publishM bf the I>q»artment of Scientific and Indnatrial Reseudi, 
Wellington. 

The letters which prefix the New Zealand Geological Survey san^le 
numbers used in these notes denote the following: 

f — Fossil record nunJber (preceded bf sheet number) ; 

F — Foraminiferal laboratory number; 

GS — Macrofossil number; 

L — Plant microfossi! number; 

P — Petrol ogicai laboratory number; 

p — Petrol ogicai sample number (preceded by sheet nuniber). 

The numbers preceded by UCF are University of Canterbury fossil 
numbers. 

NEW ZEALAND FOSSa SEALS 
A Tribute to the Work of the Late Dr ). A. Berry 

C A. Fleming 

Lower Hutt 

Dr J. A. Berry (1890-1962), whose interest in many fields of geology 

and biology was noted by T. L. Grant-Taylor (1963), had devoted a C3on- 
siderablc amount of time to the study of New Zealand fossil seal bones. 
After his death, a bulky carton of Dr Berry's papers and some specimens 
were deposited in the Geological Survey. Recently, when the papers were 
roughly sorted, the extent of Dr Berry's research was emphasised. Dr Berry's 
manuscripts are unfortunately not suitable for publication without review 
by an expert, but as fossil seals are rare and of nigh biological and paleon- 
toloeicai interest, a summary is given below of the specimens oo which he 
worked, and their localities. 

N.Z. // Geol. Geophy!. 11 : 1184-202 
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I.The Kidnappers Mandible 

This was described by Beay in 1928 as Arctacephalus can'mus n.sp. 
Dr Berry later went to great trouble to localise the point of collection, and 
decided it was from the Opoitian sandstones immediately below the Black 
Reef Limestone, between Clifton and Cape Kidnappers, Hawke's Bay. He 
coofinned his original view that the fossil was closely related to Hooker's 
Sea lioa now living at the New 2^and Subantaxctic Islands and coose- 
qomtly referred it to the geaus (or subgenus) Phocarctos, It remains tibe 
^logically oldest fossil seal known from New Zealand. Hie type specimen 
iS in the Dominion Museum. 



2. The Napier Mandible 

A complete mandible found embedded in limestone at Northe's Quarry, 
Faiaday Street, Napier, was the subject of extensive comparisons because 
at first it seemed to Dr Berry to be a species of Phoca, a group of earless 
seals confined to the Notthem Hemi^ere (Harbour seals). Later, after 
correspondence and comparison overseas, he decided the Napier jaw was 
closely related to Ommatophoca rossii Gray, the Ross Seal of the Antarctic. 
As the Napier mandible comes from near the upper limit of Phialopecten 
at a horizon close to the Hautawan (Basal Pleistocene) where several cold 
ivaier invertebrates occur in other parts of New Zealand, the occurrence of 
a seal related to the Ross Seal, now confined to Antarctic pack ice, is of very 
great interest. Dr Berry's identification as Ommatophoca was published by 
Fleming (1962, p. 85). The Napier mandible is in the New Zealand 
Geological Survey Office, Lower Hutt. 



3. The Ohope Skull 

An almost complete doill of a sea lion from Ohope, presented to the 
Auddand Museum in 1939, was studied by Berry in great detail and com- 
pared with a large number of skulls in museums throughout the world. He 
eventually decided that the skull represented a new species of the genus 
Neophoca, as used in the restricted sense for the Australian Sea Lion, and 
thus an unexpected occurrence in New Zealand. The specimen came from 
the marine Castlediffian (Putikian) beds at Ohope, near Whakatane, 
described by Fleming (1955). Casts of the skull are in the Geologiad 
Surrey Office, Lower Hutt, and in the Dominion Museum. 



4. The Waipunga Fragments 

During the construction of the Mawke's Bay railway, workmen found 

what was apparently an almost complete seal skull in blue clay at a locality 
in central Hawke's Bay, variously described as "at Waikohou, about 20 miles 
from Napier", "blue clay at Kaiwaka", and "a mile or two beyond Waipunga 
in the direction of Mohaka", i.e., within a stretch of railway running 
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tfaroo^ Nukumanian beds (piobably Upper NUmmaimui, Mr T. L. Gcant- 
Taylor, pers. ooaim.)» for about 8 miles north of Waipimga. In Dr Berry's 
words "an argument ensued as to whether the find was really a fossil skull 

or not and it was shattered to pieces with a pickaxe, when a number of 
two-rooted teeth were exposed ". (Never. I thinlc, was a paleontologist more 
restrained in his reference to a field collector's lack of care, though in this 
case a sense of personal tragedy must have persisted for the rest of Berry's 
life!) A few fragmeots were saved and sent to the Urte Mr Henry Hill, who 
passed them to Berry for examination. 

There were five small fragments of various parts of the skull, one com- 
plete tooth and several fragments of teeth. Anyone but an ei^ert on the 
cranial osteology of seals would have been daunted by these pathetic frag- 
ments, but Berry was indeed such an expert. He satisfied himself that the 
skull had belonged to an earless seal of the subfamily Cystophorinae, which 
includes the sea elephants (M/rouga or Macrorhinus) and the Northern 
Hemiiqphece Hooded Seal {Cyst op bora), but although Mkouga would not 
be nneipected in the New Zealand Lower Heistocaie, he was led to the 
conviction that the Waipunga fragments represent a new genus. He was 
well aware, however, that such fragmentary material was an unsatisfactory 
basis for describing a neu' genus, and his lengthy manuscript on the subject 
(unlike those on specimens 1 to 3 above), was not typed, so he probably 
decided not to publish. The fragments are now in the Geological Survey 
Office, Lower Hntt. 



3.KAI-IWI Vbrtbuab 

J. Park (1886) recorded that S. H. Drew collected four dorsal vertebrae 

of a seal from shell beds esqposed in railway ballast pits near Kai-iwi, later 
classed in the Butler's Shell Conglomerate (Fleming, 1952, p. 175). A speci- 
men later turned up at the Geological Survey consisting ot three verteorac, 
connected by concretionary siltstone, perhaps the same £hat Padc r e ferr ed to, 
although this is not certain. Hector had identified ttxt vertebrae as 
Arctocepbdlus "c'mereus". Dr Berry confirmed {in Fleming 1962, p. 86) that 
they agree with Arctocephdus forsf^ri (the New Zealand Fur Seal, which is 
what Hector meant), but vertd^rae are not the best bones for species deter- 
mination. Fur Seals still breed in Cook Strait and probably extended further 
north in pre-human times, and there would be nothing strange in their 
occurrence in the Okehuan (Lower Pleistocene) of Wanganui district. 



6.N1NB-MILB Bluff Ischium 

For completeness, we must add a broken bone found associated with 
fossil collection GS32, which consists mainly of Kaiatan marine mollusca 
from Nine-mile Bluff, north of Greymouth, collected by Hector in 1866, 
and A. McKay in 1873. The bone, however, is light and porous and 
obviously not contemporary with the mollusca. It was identified by Dr Berry 
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as part of the ischium of Hydrurga, the Leopard Seal; it almost certainly 
cuoe from a superficial dcoosit and is not fossil. Leopard seals stray 
oassioaally to the New Zealand mainland. 

As far as I know, the above list contains all the truly fossil seal remains 
so far known from New Zealand, bat does not include "subfossil" specimens 
ffom caves, middens, and sand dunes. 

BniY, J. A. 1928: A new species of fossil Arctoctpbahis from Cape Kidfuipt>ets. 
Tnms. 14 JZ. Inst. i9 (1) : 208-11. 

fmmo, C A. 19)2: The gsologjr of WaogBnui Sabdmsion. NJZ. geol. Smrv, 
Bull. 52. 

1955: Casdecliffian fossils from Ohope Beach, Whakatane (N. Id). NZ. 

Jl Scr. Technol. B36 (4): 511-22. 

1962: New Zealand biogeography — ^a paleontologist's approach. Tuaiara 

10 (2)1 53-108. 

GtAMT-TAYLOK, T. L. 1963: Obituary. J. Allan Beny. G§ol. Soc. N.Z. Ntwslttttr 15: 
16. 

PiUC, J. 1887 : On the geology of the western part of Wellington Provincial District, 
and part of Taraoaki. NJ?. geoi Surv. Rep. geol. Explor. 1886-87 (18) : 
24-73. 



GRANITIC XENOUTU FROM MAYOR ISLAND 



P. R. L. Browne 



Lower Hutt 



Introduction 

Mayor Island consists of Recent pantelleritic lavas and piimice deposits 
qoke dlHerent from the calc-alkaline volcanic rocks of the Coromandel 
Peoinsuk, 16 miles to the west, and the Taupo Volcanic Region to the 
south (Bwait et d., 1968). For this reason a granodioritic xenolitfa 

(P37288) recently found on the ishuid by Mr D. E. H. Rishworth, New 

Zealand Geological Survey, Rotorua, is of interest and provides information 
on subsurface conditions in the region and may be compared with similar 
xenoliths from the Taupo Volcanic Zone (Ewart and Cole, 1967). 



Description 

The xenolith, subrounded in shape and approximately 12 cm in diameter, 

was found in a giant boulder of coarse pumice breccia at the northern end 
of Omapu Bay. The boulder had evidently fallen some 3 m from a difi at 
tiie rear of the beach. 
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Table 1 — Modal Analysis and Alkali Analysis of a Granitic Xenolith and Pantellerite 
from Mayor Islaod and a Granitic Xenohtfa from Hiauen, Taupo Volcanic Region 







1 

(%) 


2 

(%) 


• 

3 

(%) 


Quartz 




33-0 


38-7 


3-1 


Plagioclase 




17-7 


17-5 




Anorthoclase 






9^ 


Sanidine 




4o"9 


4F5 




Hypersthene 


01 






Hornblende 




3-6 


0-4 




Aegirine 








0^ 


Biotite 




4^3 


0^6 




Cossyrite 








0~5 


Magnetite 










Apatite 


• 


0-4 


0-3 


tiace 


21ircon 










Groundmass 






87-0 


KiO 




2" 50 




4-25 


Na«0 




3-80 




6-20 



1. Granitic xenolith, Mayor Island, P37288. Alkali analysis by J. L. Hun^ N.2L 
Geological Som^. 

2. Granitic xenolith, Hinuera, Taupo Volcanic Region, No. 10923 of VfclOf&i Unhrer- 

sity Geology Department collection. (Ewart and Cole, 1967.) 

3. Pantellerite lava. Mayor Island, P29537. (Ewart et ai., 1968). 

The rock has an average grain size of about 2 mm, and is characterised 
by well developed graphic intergrowths of quartz and sanidine. Both 
minerals also form discrete crystals, the sanidine being interstitial to plagio- 
clase and the intergrowth areas. The sanidine, composition Or64 by the 
X-ray method (Orville, 1963), has a cloudy appearance because of abundant 
minute glassy indnsions, and rare, poorly developed micropertlutic textuie. 

Buhedral to subhedral plagioclase, Anjg-Anse, occurs in crystals up to 
2*3 mm long with normal and osdllatoiy zoning and occasionally with patchy 
zones in cores. 

The biotite and green hornblende are present both as small, isolated 
anhedral grains and as larger crystab (the hornblende up to 3 mm long), 
in places often forming intergrowths with hypersthene. The xenolith is 
partly covered by a thin, irregular coating of pale orange-brown dinoptilo- 
lite apparently formed from the devitri£cation of a glassy skin. 



Conclusions 

In mineralogy, texture, and alkali content the Mayor Island xenoh'th is 
remarkably similar to xenoliths from the Taupo Volcanic Region (Table 1), 
especially those with extensive graphic intergrowths from Atiamuri and 
Hinuera (Ewart and Cole, 1967). These xenoliths have many feattues in 
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common with the acid volcanic rocks of the region. However, the Mayor 
Island xeaolith (Table 1) is mineralogically and chemically dilferent from 
the pantdlttites aad thetefote cannot be co-magmatic with them. A plutonic 
eqaivalent to the pantellerites would be an alkali granite of sodic mineralogy 
soch as the many ejected alkali granite blocks associated with the pantellerites 
of Ascension Island (Tilley, 1951). These blocks invariably contain alkali 
pyroxenes or amphiboles and are regarded as co-magmatic with the lavas 
(Tilley, 1951; Roedder and Coombs, 1967). 

Another possible explanation is that the xenolith was co-magmatic with 
earlier calc-alkaline eruptions on the Coromandel Peninsula or beneath 
present sea level, or at Mayor Island itself. There is no evidence, however, 
<tf early calc-alkaline eruptions on Mayor Island and the volcanic indnsioos 
tiiere are of alkaline affinities (Ewart et al., 1968). 

The most probable en^buiation is that the zenolith represents acddenfally 
indndfid basement matenal modified and ejected during a pyrodastic erup- 
tiofL Bflpid heating and cooling of the xenolith during and after the eruption 

would result in the formation of sanidine from orthodase or microcline 
(e.g., Goldsmith and Laves, 1954), and partial melting could produce 
the extensive graphic intergrowths of quartz and sanidine which characterise 
the rock. 
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AGE OF ROTOm BRBCCXA 
B. N. Tte>MP80N 
Papatoetoe 

Rotoiti Breccia forms a submaturely dissected plateau sloping down 
northwards from the Okataina Rhyolite Centre (Thompson, 1964; Healy, 
1964), which lies between Lakes Rotorua and Rotoma. Terrace deposits 
(H2+1), correlated with the Last Glaciation (Upper Pleistocene), abut the 
nocthem margin of the plateau (Healy, Sdiofido, Thompson, 1964). 

The general sequence in the area is shown in Table 2. 
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Table 2 — Geaeral Sequence in the Area between Lakes Rotorua and Rotoma 



Thickness 
(ft) 


Ltlfaotosr 


PofmeHnn 






Sotonia 
Sub>group 


160 


LcH^scly compacted pumice breodft and intetstratified 

airtall ash beds. 


Rotoiti 
Breccia 


<30 


Fine grained tuffaceous sdtstone consisting of layers 
of pumice and ignuribrite fngncntt; some Uiyecs 
contain tree trunks, twigs, and caibooaceous beds. 
Forms basal part of Rotoiti Breccia. 




<5 


Browrt clay, probably weathered surface of Mtmaku 

Ignimbrite. 


Mamaku 
Ignimbrite 


300 


Soft, pink ignimbrite containing abundant liimps of 
devitrified pumice up to 1 in. diameter in a slightly 
fused mstroc that becomes harder with depth. 





Hie bcecda is almost evetywliere overlain by RotoruA Sub-group volcanic 

ash fall, of which the oldest named bed at Tikitere Hill, near Lake Rotorua, 
is the undated Rerewhakaaitii Ash (Healy ft al., 1964, table 3). The surface 
of the breccia is dissected by streams that have cut through to Matahina 
Ignimbrite on the east side of the plateau and to Mamaku Ignimbrite on 
the west side. 

Sample N67/506 was collected from a section of the basal siltstone 
member of Rotoiti Breccia exposed in the roof of an exploratory drive 
beside a stream at N67/826255 near the Kaituna River (see TaUe 3). 

Gu:bonised wood has also been cored from the base, middle, and top of 
the basal siltstone member of Rotoiti Breccia in six holes drilled dose to 
the Kaituna River. 

The ladiooaibon sample (N67/306) yielded a result of >4l,000yr, 
67% probability (NZ O* 643). 

This sample is from near tihe top of the basal siltstone member that was 
buried by a thick dq>Ofiit of loos^ compacted pumice breccia, and it gives 

an indication of the age of the first pumice avalanches to reach the middle 
portion of the Kaituna River. Because the surface of Rotoiti Breccia rises 
to the northern margin of the Okataina Rhyolite Centre, the breccia is 
thought to have been erupted from vents in this area, and as many of the 
rhyolite domes and the eroded surface of Rotoiti Breccia are mantled only 
by Rotorua Sub-group ash, the breccia and the domes are of approximately 
the same age. 'Die lower members of the breccia may have been erupted 
during the early stages of formation of these domes. Therefore, because this 
age is quoted as older than 41,000 yr, it indicates a minimum age for 
commencement of rhyolitic volcanism in Okataina Rhyolite Centre. 

My thanks are expressed to the Institute of Nuclear Sciences for the age 
determination. 



Copyrighted material 



NO.S 


N2. Geological Survey Notes 


1191 


Tablb 3— Sequence of Rotoiti Breccia and Mamaku Igoimbrite Beds Exposed 

«tN67/826235 


Thickaess 
(in.) 


Lithoiogy 


Fonnatioo 




Roof of drive. 




6 


Soft white pumice lumps up to i in. diameter. Lower 
3 in. pmnace staiofld diowo. 


Rotoiti 
Breoda 


6 


Wood (N67/306), some with baik preserved co9V' 

ing darkened trunk, some soft, spongy, snd 
charred, in a black silt grade matrix. 




13 


Black silt above grades into a light grey, clayey, 
moderately nara siitstone, oi ignimDrite iragmentS} 
cndofing fmgmeots of wood. 




1« 


Brown s^uned, banded, light and dark coloured fairly 




9 


Qff-white a>lottced, fticly bud sUtston^ of igaiin- 
brite fragmcat^ contemiog icattiefed ffagments of 

wood. 

Grades into: 




90 


Brown clay — ^pralNibly weatliered top of Mamaku 

Ignimbrite. 


Mamaku 
Ignimbrite 


18 


Pink igoin^uite. 
Floor of drive; 
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BXPERIBfBNTAL CRYSTALLISATION OF A LAMPROPHYRE 

GLASS 

Simon Naiham 

Gceymouth 

Introduction 

During a petrological studly of the lamprophyre dike swarm in the lower 
Boiler Valley (Nathan, 1966) several experiments were made to test the 
eflPects of melting and recrystallising a typical specimen. Unfortunately, time 
has not allowed an exhaustive ei^erimeatal programme to be carried out 
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or the problems raised by the present work to be further investigated, but as 
the writer is unable to continue the experiments at this time the results axe 
presented for the information of other petrologists. 

The lamprophyres in the lower Buller Valley are porphyritic hornblende 
moacfaiquites, rather variable in diemical compositioa (in part due to varying 
degrees of alteratioti) but mineialogically unifoim (Nathan, 1966, pp. 157- 
84). An analysis of the specimen selected for experimental work (UC5196) 
is presented in Table 4 (col. 1). If considered on a dry, CO^-free basis 
(col. 2), UC5196 differs mainly from Nockolds' average alkali basalt 
(col. 3) in containing 4-3% less SiOz and 2 -9% more total JFeO -f Fe»0,. 

Table 4 — Ghanical Analyses of a Lamprophyre from the Lower BaUer Valley and 

Nockolds' Avenge Alkali Basalt 



1 2 3 



SiO. 


37 


•7 


42 


•5 


46 


•77 


A1.0k 


13 


•2 


14 


•9 


14 


•65 




3 


•7 


4 


•2 


3 


•71 


FeO 


9 


•2 


10 


•4 


7 


•96 


MgO 


6 


■8 


7 


•7 


6 


■82 


Tia 


3 


•3 


3 


•7 


3 


■00 


MnO 


0 


•13 


0 


•15 


0 


• n 


CaO 


9 


•5 


10 


•7 


12 


•42 


KsO 


1 


•80 


2 


■03 


1 


•07 


NaaO 


2 


•45 


2 


•77 


2 


•59 




0 


•72 


0 


•81 






CO. 


5 


•4 










HsO- 


I 
4 


•20 
•15 




} 


0 


■51 


Total 


99 


•09 










Molecular Norms 




2 


•0 


1 


•7 


0 


•8 




4 


•8 


5 


•3 


4 


-4 


Cc 


14 


•4 










Or 


11 


•0 


11 


•2 


6 


5 


Ab 


23 


•5 


9 


•2 


21 


•5 


An 


21 


•0 


22 


•6 


25 


•5 


Mt 


4 


•0 


4 


•6 


3 


•9 


Di 


3 


•6 


22 


•0 


27 


•6 


Hy 


6 


•0 










Fo 


9 


•6 


13 


•1 


8 


•1 


Ne 






10 


•2 


1 


•5 



1. Lamprophyre (UC5196) : Dike in Coulter Creek about ^ mile upstream from its 
junction with Stable Credc (S3 1/2 13614). Unpublished analysis by the Chemistry 
Division, DSIR, 1965. 

2. Analysis I recalculated free of HsO+, HtO— , and COi. 

3. Average alkali basalt (Nockolds, 1954). 
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Experimental Procedure 

Sample Preparation 

The rock was crushed in a steel mortar, to pass through a 200-mesh sieve 
and then dried for 8 hours at 110°c to remove all free water (HgO— ). 
Small samples, each weighing approximately 0-4 gm, were then fused to 
glass by holding them in a carbon arc for 15 sec which was found by experi- 
ment to be the minimum fusion time in which a homogeneous glass con- 
taming no tdict crystals could be obtained. The glass bouk wete wrapped 
in platinum foil and placed in the *'hot spot" of an electtkally heated 
muffle furnace. All runs were started at l,300°c, and the temperature was 
then lowered rapidly (over 5 min or less) to the desired level. Temperature 
control was ±:5°c, and all runs were made twice. At the end of a run the 
sample was removed from the furnace and placed on a cool table. Air cooling 
dulled tiie saim>le8 veiy rapidly, and thejr could be handled less than 50 sec 
after removal from the furnace. 

Identification of Products 

Small portions of each sample were crushed and examined in oils, and 
thin secbons of most ^edmens were also prepared. The phases observed 
are similar to those described and figured oy Yoder and Tilley (1962). 
Qmopyroxene appears as dongate grains (paralld to the r-axis) which 

have dome or pyramid terminations and the characteristic inclined extinction. 
Skeletal forms (as illustrated in Fig. Ic) are common. Most grains of 
dinopyroxene are coloured very light yellow but a very few have a deeper 
yellow-brown colouration which may indicate the presence of the Fe*++ ion 
(Deer et al., 1966; Yoder and Tilley, 1962). The iron oxides appear in a 
variety of octahedral and skeletal cubic forms (Fig. Ic and d) . Dr K. R. Gill 
(N.Z. Geological Snrv^) examined a specimen under reflected l^gfat and 
reported: "The opaque minerals are all magnetite; at magnifications up to 
1,050 X in oil immersion there are no indications of the high reflectivity and 
anisotropic phases that might be haematite or other oxides. All crystals, 
regardless size, are homogeneous, isotropic, and have the right colour 
and reflectivity for magnetite; I think that you are justified in assuming that 
this is the only opaque phase present. There is a possibility that the magnetite 
is a titan if erous variety, but this cannot be proved by optical examination 
alone. The majority of the magnetites either have three or four fold 
symmetry, and many of them contain glass inclusions symmetrically 
arranged." There is a large variation in grain size of both dinopyroxene 
and magnetite — about a factor of 100 is a reasonable guess. No other crystal- 
line phases were noted in any of the products. Glass is li^ orange-brown 
under plane polarised light and completdy isotropic under crossed polars. 

Oxidafion During Runs 

One of the main proUems of conducting high temperature eamerimental 
work in air is the possible oxidation of ferrous to ferric iron, wim the con- 
sequent precipitatictfi of excess iron oxides and the depletion of the mdt in 
FeO. Green and Ringwood (1966, pp. 137-8) noted the severe oxidation 
eaSects after heating a crushed basalt powder to 800°c for several hours. 
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For this reason no attempt was made to remove H^O-f- and CO2 by pro- 
longed heating during sample preparation as it was thought that thqr should 
difrate npidlj from the sampk during foaoo and daring the tuns. The 
trokularitf or the ptodnds from most runs appears to si^ort this assno^- 
tkxi, but future eipcrimcnts should aim to stact with a oompletcif water-fiee 
and volatile-free sample. 

Yoder and Tilley (1962) discussed the problem of making runs in air 
at atmospheric pressure on basaltic samples, and concluded that a rim length 
of 1 hour was adequate to attain equilibrium while at the same time 
minimising oxidation. The light yellow colouration of dinopyroxene crystals 
indicates mat the presence oC the ferric ion, and two of the nms contained 
an excessive amount of magnetite; however, the complete absence of phases 
such as haematite or pseudobrooldte suggests that oxidation was minor. One 
of the runs containing excessive magnetite was fq>eated for a shorter period 
(seebdow). 

Experimental Results 

The results of aystaliising the lamprophyre glass at temperatures between 
l.lOO^c and l,300°c are summarised in Table 3. Most of tne glassjr products 
were vesicular, and there was a wide range of crystal size, with the largest 

grains usually in the centre of the charge (Fi^. 1a). The crystals clearly have 
the form of primary rather than quench phases (cf. Yoder and Tilley, 1962, 
plate 5, no. 2, 3), and their size distribution may be caused by a slight heat 
gradient between the centre and outside of the glass globules. The two runs 
at 1,150®C and lylOO^'c (no. 1 and 3) ^ve charges with sudi a high per- 
centage of magnetite that it was almost impossible to see the other phases 
in transmitted Tight Run 1 (IJOO^c) was repeated for only 20min; m this 
case the charge contained only about 25% of crystals, and was very similar to 
the products formed in runs at higher temperatures. 



Fig. 1a-0 — Photomicrosraphs of the products formed by the experimental crystallisa- 
tion of a lamproimyre glass. 

A (Upper left) — A typical globule under plane polarised light, showing the 
▼esicttltr nature of the proouict and the variation in grain size. X)5. 

B (Upper right) — Detail of Fig. 1a, showing the shape and texture of the 
horoolende ana magnetite crystRls. X 270. 

M. SkMty, pkwtp 

c (Lower left) — ^Polished section of a globule under reflected light, showing the 
typical skddal form of pyroxene and magnetic crystals. Oil immeision, X 429. 

8. N. B»tim$t pkmto 

D (Lower right)— Detail ci Pig. Ic, showing a single symmetrical skeletal 
magnetite crystal. Oil immenion, X 1»023. 
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Table 5 — Products Formed during the Experima^ CcystaUisatioa of a 

Lamprophyre Glass 

Run Temperature Time Products* Commeats 
Number (°c) (minutes) 

7 1,300 60 Gl 

4 1,250 6d Mt-fGl 

2 1,200 60 Mt + Cpx + Gl 

5 1,175 60 Mt + Cpx + Gl 

3 1.150 60 Mt + Cpx + Gl ) Charge almost opaaue due to 
1 1,100 60 Mt + Cpx + Gl j Bneiy disseminated magaetite 

6 1,100 20 Mt + Cpx + Gl 

* Abbreviations are the same as those used by Yoder and Tiliey (1962). 

Discussion 

Apart from the absence of hornblende and analcime (which would not 
be expected to crystallise under anhydrous conditions), the minerals identified 
in the globules are similar to those found in the parent lamprophyre, and 
plagiockse is consistently absent. Seven! writers (e.g., Vincent, 1933; 
hamsay» 1955 ; Challis, I960) have suggested that the distinctive mineralogy 
of many lamprophyres is caused by the crystallisation of alkali basalt under 
marked water vapour pressure, and the experiments under "wet" conditions 
by Yoder and Tilley (1962) appeared to bear this out. However, Yoder and 
Tilley (1962) demonstrated that all the Hawaiian basalts crystallised by them 
project close to the four-phase curve in the simple system Ab-An-Di-Fo, 
which suggests that other primitive basalts (i.e., diose unmodified by 
difietentiation processes) should behave similarly. In the present case the 
fact that the plagiodase liquidus has not been reached by l,100°c suggests 
strongly that the composition of UC5196 does not project close to the four- 
phase curve, and is therefore rather different from most ordinar)' basalts. 
Although the results of a small set of experimental runs on a single specimen 
must be treated with some caution, present evidence indicates that the horn- 
blende monchiquites in the lower Buller Valley are derived from a distinct 
lamprophjrre magma, and not by the hydrous oystallisation o£ basalt magma. 

Professor D. S. Coombs (University of Otago), Drs D. Shelley and J. B. 
Stott (University of Canterbury), Dr K. R. Gill (formerly of the New 
Zealand Geological Survey), and the technical staff of the Geology DqMUt- 
ment, Universitv of Canterbury, are thanked for assistance in carrying out 
this project and in preparing ^e manuscript. 
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ALUNITE AT KUAOTUNU, COROMANDEL PENINSULA 

D. N. B. Skinmbr 
Papatoetoe 

Introduction 

Ahmke has been noted as a common member of hydrothermal assemblages 

resulting from the q^igene sulphuric acid alteration of acidic volcank tods 

(Steiner, 1953, 1963; Harvey, 1967). Although alunite is not uncommon 
in sinter deposits at Whitianga (Harvey, 1967) and in silicified andesite 
at Thames (Hutton, 1947), this is the first occurrence for the Coromandel 
Peninsula where the alunite occurs in silicified greywacke. 

LocdHy md Geological Setting 

The sample was collected from the bleached and silicified contact zone 
ciqKMed above the road bei we eii Kuaotunu and Otama on &e north side 
of Black Jade (N40/233776), a peak formed by a pipe of silioeous sinter 
intruding Manaia Hill lithic volcanic ereywacke ik the north end of Waitaia 
Ridge (Schofield, 1967). The bounckry between sinter and greywacke is 
diflfuse, but the contact is even more obscure as a result of weathering and 
leaching. Veins of comb quartz containing pyrite and platy marcasite cut 
Manaia Hill Group beyond the alteration zone and sinterous material from 
the diff bdoir Ae amnite locality contains scattered cubes and dark grey 
lenses of finely divided pyrite. 



Alunitised Rock 

The material in the zone of alteration ranges from a hard grey-nlifte^ 
silicified rock (density 2*58) to a porous, pink alunite-quartz aggregate 
(density 2*51). The silicified material includes patches of kaolin up to 
0*5 mm in diameter and has veinlets and box-works of limonite filling 
joints although no sulphide mineral appears to have been present within the 
rode itself. In contrast, the ahmite-tiai material contains nests and scstteced 
oyaAals of pyrite and has *Veins'* of kadin in> to 5 mm thick linii^ its 
jfMnts. 
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In thin section, the silicified rock has a microgranular texture of quartz 
with scattered flakes of aiunite less than 0*02 mm in length, whereas coarser, 
porous, alunite-rich material consists of approximately 75% aiunite, with 
minor inteistitial mkro-gnuralar quartz, crystalliae quartz lining small geodes, 
irregularly developed pyrite grains, and day. 



Alunitb 

The aiunite crystals are well developed prismatic laths less than 0-2 mm 
in length in random orientation and intergrowth. The cores of many of the 
crystals are missing as though the aiunite has been internally rqplaoed by, or 
has itself r^iaced some mineral that has since been leached out. 

Refractive indices (±: 0-002) ut = 1*570 and = V590, They indi- 
cate a potash aiunite with a negligible soda cwitent (Larsen and Herman, 
1934). The X-ray diffraction pattern (Table 6) is also much closer to a potash 

Tablb 6 — ^X-ray Dififraction Patterns for Aiunite 



K Aiunite 


Kuaotunu Sample 


Na, K, Aiunite 


A.S.T.M. 




A.S.T.M. 


1-0879 




4-0865 


di i/r 




dA I/r 



5-71 


25 


5-71 


w 


4-94 


. 50 


4-92 


s 


3 -49 


40 

■ 


3 -541 
3 -46$ 


w-vw 


2-98 


100 


2-97 


ws 


2*88 


5 


2*88 


ws 


2-47 


10 


2--45 


w 


2-29 


50 


2-29 


s 


2-20 


20 


2-23J 
2 -201 
1-92 


vw 

s 


1-89 


60 


1-90 


m 


1-74 


50 


1*75 


w 



visually estimated intensities 



5-76 


10 


499 


20 


3-51 


30 


3-24 


ID (broad) 


301 


85 


2 90 


20 


2-48 


20 


2-29 


75 


2*26 


30 


2-21 


10 


1-90 


100 


1-75 


90 



aiunite, exc^ that well developed peaks at 2*88 A and 1*92 A are somewhat 
inconsistent with both the standard K-alunite and the standard Na-alunite; 
optical inspectioo confirmed that the X-rayed sample contained nothing but 
atunite and minor quartz. 

r The density measurements of four sinter sanies were made in 1965 by 
Mr A. E. Leopard, Geophysics Division, Dq>artment of Scientific and 
Industrial Research, Wdlic^on. 
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SIMMONDS ISLAND, H£ND£RSON BAY, NORTHLAND (N4) 

F. E. BowBN 

Piyatocfoe 
Introduction 

Simmonds Island (N4/652121) lies just over 1 mile off shofe'in Hender- 
soo Bay, 1,000 yd doe nofdi of Gfcavule Point (Fig. 2). As a pidimifiar^ 
to the possible reservation add dedatatioii of the island as a Wildlite 
Reserve, it was examined for evidence of mineralisation by Mr H. E. Rowe^ 

Inspector of Mines, Auckland, and the author. Most of the time spent on 
the island was devoted to a search for minerals, but brief geological notes 
were made and samples collected for petrological examination. The petro- 
logical determinations were carried out by Dr G. A. Chaliis, New Zealand 
Geological Survey, Lower Hutt. Sample localities are shown on the map 
(Fig. 2) by the appropriate record sheet mimbers. 

The only practical landing place, which is not without dfficulty even in a 
calm sea, is in a small rocky embayment on the south-east side of the island, 
to the west of Anapuhipuhi Blowhole. The approxiniate route followed during 
the examination of the island is shown on the map. Those parts of the coast 
not reached by land were examined with field glasses during a circum- 
navigation of the island. 

Physiography 

Simmonds Island is traversed by many norlh-west striking shear zones. 
Shear-controlled erosion has produced long, narrow indentations that are 
particularly marked along the northern coast, and a narrow strip of rock 
and sand produced in this manner, which may be awash at high tide and 
must certainly be so in even a' moderate stoim, divides the istaflid into two 
hills, here called West Hill and East Hill (Fig. 2). Two Similar channels, 
containing at least 6 ft of water at low tide, separate two much smaller islands 
off the west coast of Simmonds Island. A third small island lies 400 yd 
north of the northern coast r . . . 
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But Hill rises fairly gently to neatly 100 ft above sea level so tbat the 
f tecpMot and good exposutes of cock oo tihe telatively bare slopes are easily 
accessible. Anapiiliq>uhi Blowhole spouted thick douds of spray even in the 
ralm conditions prevailing during the examination of the island. West Hill 
rises to nearly 150 ft above sea level with a steep face along the southern 
coast. A rock platform is exposed at low tide. The indented channels along 
the north coast impede travel, as does the thick growth of native shrubs on 
the h^ier pacts of the lull. The two small western islands both rise steeply 
from the sea, or, at the northern end of the outecmost island, from a cock 
platform tlMt is submerged at high tide. 

The small island 400 yd to the north of Simmonds Island hardy merks 
the name, much of k bong submerged at high tide. 

Geology 

The bulk of the island is made up of mndi-sheared, quartz-ircined inter- 
layered argillites and basalts that are often difficult to distingoish from each 
other in hand specimen. Locally, the argillite is quartzitic and may approach 
quartzite in compositiwi. Breccia is found in some localities; one sample 
from the northern part of the island (p543; P36547) consists of brecciated 
chert with fragments of fine-grained, igneous rock. In places, the contact 
b e twe en obvious basalt flows and die interbedded argiUite and basalt 
sequence is quite prominent One such contact on tiie north side of West 
Hiu has an irregular strike about 090° and dips about 35° N; another on the 
western side of East Hill has a strike and dip of 177° W and 25° W respec- 
tively, more or less parallel to the underlying interbedded argillite and basalt. 
No pillow lavas were seen. All basalts collected are medium to fine grained 
and composed of a felted network of feldspar microlites, granular augite, 
epidote, chlorite, and much dusty magnetite (p542; P36546). Fine quartz 
veins are common (p542 ; P36346) and are sometimes accompanied by fine 
veins of albite (p546; P36550: p547; P36551). Locally the feldspar micro- 
lites show strong flow alignment (p547; P36551). At the top of East Hill 
a light, creamy-coloured, very fine-grained rock (p544; P36548), consisting 
of an interlocking network of quartz and feldpsar with microlites of .^augite 
showing skeletal growth, could be an altered, devitrified, glassy rhyolite, 
or kecatophyre. 

Dikes intruding the argil lite-basalt sequence indnde one, 2-3 ft thick, of 
albite dolerite (p54l; P36545) diat strikes 1220-127o across the south- 
western side of East Hill and di^ 80° north-east It consists of micro- 
phenocrysts of scarce feldspar and rare augite in a vcty fine-grained matrix 
of feldspar microlites and tiny prisms of brown hornblende. The feldspar 
is mainly albite, which also fills circular varioles. This dike cuts across, and 
offsets by 2 ft, a 4-ft-thick dolerite dike (p545 ; P36549) that strikes 252® 
down the south-western side of the hill and d4>s 80^ niocdi. What is pre- 
sumed to be the same dike is exposed on die east side of West HOI, but 
offset clockwise by some 70 ft at the strongly sheared zone that separates the 
two hills. It is composed of a fine-grained matrix of completely altered feld- 
spar and chlorite with scarce, large, augite prisms and smaller, greenish 
brown, hornblende prisms. The texture and mineralogy of the rock is not 
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Bk. 2— Sketch map of Siimnonds Island (N4). 
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unlike that of a camptonite. Another dike (p548; P36552, P36553), 
2 ft thick, strikes 094° across the ivestem ootit bt the isiand, and dips 85^ 
nocth. It also lesembles a oan^tofiite. 

These fodes haye been shofwn as part of tiie Cretaceous Mount Camel 
Volcanks (Keac and I&y, 1961) and dosely resemUe sudi rodcs exposed 
on the fflainland, in particular the quartzitic argttlites, interfoedded with 

volcanics and cut by albitised dolerite dikes, exposed in the vicinity oi 
Gienville Point. Tb^ are therefore correlated with that formation. 



. Mineralisation 

The only mineralisation seen on the island consists of thin discontinuous 
coatings of limonite along joints and shears. This is quite dearly of no 
economic interest 

« • 

KbaK, D.; Hay, R. F. 1961 : Sheet 1— North Cape. "Geological Map c^f New Zealand. 

1:230,000." Department of Scientific and Industriai Research, Wellington, 
New Zealand. 
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BASALT DIKES IN THE TARAWERA VOLCANIC 
COMPLEX^ NEW ZEALAND 

J. W. CoLB and T. M. Hunt 
Gcologjr Dq>actment, Victoria University of Wellington 

(Received for publication 26 March 1968) 
Abstract 

Magnetic and geological measurements indicate that a basalt dike occupies the 
fissure formed daring the ld86 eruption in tfie Tarawera Volcanic Complex, and is 
confined to the Complex. Parallel to this dike, but 300 yd to the soudi-east; lies a 
second dike which is not visible at the surface. 



Introduction 

The Tarawera Volcanic Complex lies 15 miles south-east of Rotorua, and 
forms the southern margin of tne Okataina Volcanic Centre (Healy, 1962). 
It consists of 12 rhyolite domes and plugs, the most recent of which 
(Tarawera, Ruawahia, and Wahanga) were formed in about A.D. 1020 
(Coi^ 1965). The last activity was on 10 June 1886, when an explosive 
eruptkn basalt occurred from a series of craters along a north-east 
fissure across the Complex. This fissure, which is over 500 ft deep in places 
and up to 300 ft wicle, extends 9 miles from Wahanga Dome to Haumi 
Valley (Fig. 1), and includes part of the area now covered by Lake Rotoma- 
hana. The fissure has been mapped (Healy et al., 1964) as lying on a fault. 

Watson-Munro (1938) made magnetic (vertical force) measurements 
across the fissure which showed that "the bulk of the distribution of the 
basic material is clearly at the Tarawera end of the rift", and that little 
was associated with die fissure to the south-west. He did not recognise that 
a dike cropped out, but concluded that "the basalt had welled up dose to 
the surface along the rift during the eruption". 



Geological Observations 

I 
I 

In a crater on the south side of Wahanga Dome a small basalt dike con- 
taining large mmibers of highly vesicular and partly remelted rhyo|ite 
blocks is exposed (Fig. 1 ) . It is approximately 3 ft wide with a chilled 
margin on either side, and probably represents a feeder for the first part of 
the 1886 eruption. The dike can be traced at this locality for a distance of 
only 20 ft, but it can be found again to the south-west of Ruawahia Trig 
(N77/963928*) where the eruptive fissure is about 30 ft wide, and the dike 
has a more complex form. Contact between the mdten dike and the rhyolite 



*Gnd reference based on the sheet district of the 1 : 63,360 topographical map series 
(NiZMS 1) and the national thousand-yard grid shown on tfits series. 

N.Z. // Geol. Geophy. 11 : 1203-6 
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Ra 1 — Vertical force magnetic anomaly profiles across tiie Tttamtn Volcanic 
CcMnplex. (Peak values of Watsoo-Muoro's traverse not detennlned.) 
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wall appears to have chilled the dike and at the same time remelted the 
rhyolite to form glass. Towards the cross-sectional centre a scries of vertical 
layers am be identified, each chilled against the previous one and beooming 
more vesicalar toward the centre. This could rq>resent a multiple dike, but 
since basalt covers the rhyolite on each side of the fissure above the dike, 
it seems more likely that the lava was splashed up the sides of the fissure 
and then flowed back into it a short distance before cooling. This is com- 
parable to some eruptions witnessed in Hawaii. 

Between the two outcrops of the dike described, there is no massive basalt 
visible at the surface. There are two possible reasons for this. Firstlv, there 
may have been 9. change in the type of activity at the north-east ena of the 
fisaire during the eruption. Rhyolite surronndine the eruptive fissure may 
have collapsed inwards causing a temporary blockage of some of the vents. 
The resultant violent explosions in clearing the debris would also destroy 
the top of any early formed dike. At the south-west end of Tarawera this 
violent activity apparently did not occur since the sides of the craters are 
still coated with oasalt scoria. A second explanation is that much slipping 
occurred after the eruption, both on a small scale by rock fall and on a 
laiger scale by large olocks slumping inwards. The latter were prdbably 
onued by the numerous cracks from which gases escaped after the eruption. 



Magnetic Anomalies 

In order to find the extent of the dike, magnetk (vertical force) measure- 
ments were made across the fissure using a Schmidt-type variometer and the 

magnetic anomalies associated with each traverse, together with those made 
by Watson-Munro (1938, map 2, and fig. 1), are shown in Fig. 1. As the 
basalt has a large total magnetisation, due mainly to its remanent (perma- 
nent) magnetisation (Table 1), and the rhyolite has a small total magnetisa- 
tion, there is a large contrast between the two rock types at Tarawera. 



Table 1 — ^Magnetic Properties of Tarawera Rocks 





Basalt 


fiasalt Scoria 


Rhyolite 


Susceptibih'ty (k) (c.e.s. units) 
Induced magnetisation (c.g.S. units) 

(H = 0-6 oersteds) 
Bemanoit magnrH^m {cgjs. 

units) 


1,400 X 10-* 
840 X 10-* 

30,000 X 10" 


900 X 10-* 
540 X 10-* 

17,000 X 10-* 


300 X lO-* 
180 X lO-* 

400 X 10-* 



Basalt outcropping at the bottom of the fissure can be correlated with a 
large sharp anomaly occurring in all magnetic profiles from B through to B 
(Fig. 1). The sh^ of the anomaly is typical of that produced by a narrow 
dike, rather than a massive body with aligned vents, which confirms the 
geological observations. Since the anomaly appears in profile E, and probably 
in profile F but not in profiles G 01 H, the dike must terminate somewhere 
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beneath Lake Rotomahana. The absence of a large sharp anomaly in profile A 
indicates that the dike does not extend beyond the Coomlez in t ooctii'' 
easterly diiectkn. The dike therefore has a length of lesf man 6 miles, and 
is limited to .the Complex. 

To determine the width of the dike from the magnetic anomalies it is 
necessacf to know the depth of the top of the dike. Since none of the 
magnetic profiles cross the fissure where the dike is exposed, the depth of 
the dike below the surface scoria is not known, and no accurate width 

determination can be made. 

Another sharp anomaly appears in profiles B, C, and D about 300 yd to 
the south-east or the main fissure, and is similar to that produced by the main 
dike, yet there are no surface features to account for it, except f6r two pos- 
sible small es^losion craters (max. diameter 50 ft) to the south of Rua'^^ihia 
Trig No. 2. The corfdusion drawn is that the second anomaly is caused by 
another dike parallel to the main fissure. The sharpness of the anoiiialy sug- 
gests the dike lies close to the surface, and since it is not shown in profiles A 
and E this dike must be confined to the rhyolite domes. This second dike 
was probably emplaced before, or during the early stages of the 1886 
eruption, and was buried by basalt scoria ejected from the main fissure. 

Smaller magnetic variations on the fianks of the- main anomalies and in 
profiles A, G, and H can be attributied to variations in the tfaidmess of 
basalt scoria overlying the rhyolite, and to topographic effects. The large 
negative values occurring in profile F are also pitobaoly due to topography. 
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A SOURCE FOR VOLCANIC MATERIAL IN THE 

MOHAKATINO BEDS 



T. Hatherton 



Geophysics Division, Department of Scientific and Industrial Research, 

Wellington 



What is presumed to be the covered remnant of a large volcano has been reveale4 
bf mignetic studies off the Taranaki coast Its situatioa is such that it is probably 
me souioe ad the aodesitic debris in the tuffaceous sedimcats of the Mohalcatino Group. 



The Mohakatino Group, comprising sandstones and mudstones with 
varying amounts of tuffaceous material, occurs in northern Taranaki from 
Whangfunomona as far north as Tirua Point near the remnant hornblende 
andesite virfcano Whareorino. By far the most distinctive of the Mohakatino 

beds is an andesitic tuff which contains many "streaks and nests of horn- 
blende, augite and feldspar crystals and fragments" (Henderson and 

OngIe>', 1923, p. 43). 

The becis "supposed to belong to the Mohakatino Series" to the south- 
east in the Ohura district have much less volcanic debris in them and 
"undoubtedly this region was far from the volcanic vents active during 
Mohakatino times" (loc. cit. p: 47). According to Henderson and Ongley 
(1923, p. 55) **tt seems highly probable that this material was derived from 
Whareorino or a neighbouring volcank vent The amount and coarseness 
of the volcanic material in the tuff increase from south to north and from 
east to west, attaining a maximum on the coast a little north of the mouth 
of the Waioroko, a point 10 miles south of Whareorino". 

Glennie (Arnold, 1959) came to the conclusion, "based on the distribu- 
tion of the pyroclastic material in the Mohakatino Formation" that the 
volcano rc9pons3>le for the supply of volcanic material in the MohaloUinp 
was out in the'Tasman'Sea. 

Fleming (1962^ p. 79), in a ^gure showing his interpretation of upper 



canoes, active. Sc-f t" oS the coast of northern Taranaki A recent total 
magnetic force survey by seaborne proton precession magnetometer has con- 
firmed Glennie's and Fleming's inference of volcanoes off the coast of the 
Mokau region and discovered the probable source of the Mohakatino tuffs. 

NX fl Gtol. Gtophys- : 1207-10 



(Recrived for publkauon 2 May 2968) 
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FkG. 1 — Magnetic anomalies (in gaflamas) off the coast of western Taianald. These 

anomalies were derived from total magnetic force measurements and a regional 
gradient after Burrows (1967) has been lemoved. The Mohakatino beds are 
stippled and the hornblende andesite volcanoes of western Taraoald tfe cross- 
hatoied. 



Magnetic Anomaues 

Figure 1 shows the distribution of the Mohakatino Group according to 
Hay (1967) and Kear (I960). The mouth of the Waioroko Stream, just 
south of the region of maximum coarseness of the andesitic debris, is 
indicated. The results of the total magnetic force survey along cast-west 
lines at 5 mile intervals, reduced to a residual anomaly map by the removal 
of a regional field based on Burrows (1967), are also shown in the figure. 
There are two principal ancunalies. The eastern one which leaves Tinia 
Point and runs close to the coast is associated with the western flank of the 
New Zealand Marginal Syncline throughout virtually its entire length 
(Hatherton, 1966, 1967). The western anomaly, whose circular form sug- 
gests a volcanic origin, is about 550 gammas in amplitude, 30 km in 
diameter and is centred about 45 km from the coast. Tht nearest part of 
the coast is that between Tirua Point and the mouth oi the Waiocofco 
Stream, the region of maximum coarseness of the andesitic debris in the 
Mohakatino tuffs. There is probably little doubt that this magnetic anomaly 
is due to a remnant andesitic volcano, the source of the Mohakatino volcanic 
debris, and that this volcano was active in upper Miocene time. 
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Another magnetic anomaly of similar size and slightly smaller amplitude 
(/^ 300-400 gammas) has been mapped to the south of Mt Egmoot 
(Hatfaertoii, 1967). Again there is noaung in the batfaymeby to denote the 
existence of a volcano, and an upper Miocene age for this volcano too would 
be appix^riate. The distribution of volcanoes in western and offshore Tara- 
naki is given in Fig. 2 which shows several lineations. The position of 
Mt Egmont is the ambiguous feature on this map. It can be classed as one 
of the western Taranaki volcanoes, together with Karioi, Orangiwhao, 
Whaieonno, and Paiftotu, which lie on an arc parallel to the eistem 
boondacy of the marginal syndine as expressed by the magnetic anomaly of 
the ultramafic belt. Or it can lie on an arc of similar curvature which includes 
the two offshore volcanoes and which is slightly divergent from the marginal 
syndine. Studies of the chemistr)' and ages of the western Taranaki vol- 
canoes, including Mt Jbgmont (Hathertoo, in press), have not yet resolved 
this ambiguity. 

I shall be discussing the geophysical significance of these volcanoes and of 
all other andesites in the Nortli Island at greater length in a forthcoming 
paper. 
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PALYNOLOGICAL TECHNIQUES USED IN 

NEW ZEALAND 

CouN R. Lbmnib* 

New Zealand Geological Survey, Depaxtment of Scientific and Industrial 

Research, Lower Hutt 

(Fmt submitted for publication 21 September 1967; accepted in revised form 

27 Manb 1968) 

Abstbact 

Mediods are described for extracting organic»walled plant microfossik from New 
Zealand sediments. Modifications to existing techniques and laboratory equipment are 
featured. Emphasis is given to safety and protection of equipment. Methods for 
recording preparation details, mounting small lesidues, and storing unmounted residues 
are descnoed. 

Introduction 

Cranwell and Harris performed tibe first palynological extractions in 
New Zealand in 1937 using the alkali and acetjrlation method on peat and 
Ugfuts (Dr W. F. Harris, pers. comm.). 

Te Pun^ (1945) published the first description of a microfossil extrac- 
tion techmcnie (from coal) in New Zealand, and added to it in two later 
papers (Te Punga, 1948, 1949). 

Couper (1951a) mentioned the beginning of palynological research in 
New Zealand. In 1951b he described his method of macerating lignite. 
An outline of demineralisation and maceration of oil shale and mudstone was 
given by Couper (1952). Moar (1958a, b, 1959) gave brief details of 
poUen and spore extractions, mainly from peat. Harris (1961) reported 
difficulty in concentrating microfossils from Little Barrier Island peat 
samples. Shaw (1961) briefly mentioned microfossil extractions from coal 
performed at the New Zealand Geological Survey. Mclntyre (1962) used 
the silica depressant method (Arms, I960) for concentrating the low ratio 
microfossil content from carbonised samples. Norris (1962) outlined 
the extraction method applied to Couper's holotypes and emphasised the 
type of mounts and their preservation. Mclntyre (1963) noted die effect 
and variability of different chemical treatments on die size of pollen grains. 
Mclntyre and Wilson (1966) recorded in brief the method used to macerate 
Antarctic sediments. Wilson (1967) noted the ease with which microfossils 
were recovered from Campbell Island sediments. 

A more detailed account was given by Couper (1953) who considered the 
effect of oxidation, alkali, and acetylation methods on the microfossil content 
of samples. A detailed study was made by Harris (1956) who investigated 
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the inlluence of natural agents, laborator)- reagents, and conditions of | 
preservation on pollen morphology. He distinguished between swelling and 
over expansion of puilen. Dilferences in size according to the prq»tiition i 
method used were noted. The effect of ultrasook inadiatioa on modem 
poUoi and spores was investigated by McInt)Te and Nonis (1964). Thq^ | 
considered that their lesults ONild be used for comparison witib wock on I 
fossil pollen and spores. j 

Traverse (1936) and Brown (I960) compared Cxmpec's methods widi | 
other published techniques. j 

Subtle variations of existing techniques often make them easier to apply, | 
less time-consuming and produce better yields of microfossils from New j 
Zealand sediments. Whether samples yield microfossils at all may depend ! 
on how they are handled in the laboratory during extraction. Some techniques ! 
are destructive to New Zealand microfossils. Three authors in porticttlar have 
drawn attention to sequences in extraction methods which are liable to 
destroy the microfossil content of samples (Faegri and Iversen, 1964; 
Hafsten, 1939; Wilson» 1964). 



Mechanical I^eatmbnt 

Non<emcnted samples are treated in a rotary sample washer similar to 
that described by Fdix (1963). Samples are placed in dilute non-ionic j 

detergent and rotated at 40 r.p.m. for 24 hr, after which they are trans- 
ferred to centrifuge tubes for ^^ashin^, flotation, and acetylation. This rapid 
method is used on as m.my samples as possible. 

Before chemical treatment, all hard and cemented samples containing aD 
appreciable amount of mineral material (i.e., other than coal and peat) are 
crushed to less than 500 jx with a mechanical pestle and mortar. This can 
be readily cleaned with an abrasive cloth. Sample weight varies from 10 to 
20 g depending on density, grade, and carbonaceous content. 

Crushing samples reasonably fine greatly aids demineralisation ; however, 
it has been noted that microfossils may be damaged by mechaniad treatment 

in the laboratory (Gray, 1965b). In the author's experience the only micro- 
fossils alfected by crushing samples to 500 n are the large, fragile micro- 
plankton. For these, the samj^les are lightly crushed and seiectivdy sieved 
to give the 1-2 mm fraction for processing. 



Demineralisation 
CarhoncUes 

Samples containing carbonates are treated with an excess of 10% hydro- 
chloric acid until elTervcscencc ceases. A little concentrated acid is then added 
to check that all carbonates have been eliminated. 
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Silicates 

Dry samples are first saturated with 95% ethanol in 230 ml copper 
beakers. All beakers are suspended in cool tap water (^ca. I4<=*c) before 
75 ml of 68% hydrofluoric acid are added to each sample. The acid is 
added gradually while stirring. The beakers are then placed on an oscillating 
hotplate (oscillating, but cold) to keep the samples suspended in the acid. 
When vigorous reactions have ceased, the hotplate is switched on to operate 
at 110-120^c and samples are digested until about 35 ml remain (oO~70 
minutes). After cooling, the spent add is removed by centrifiiging, in 
capped 50 ml polypropylene tubes, and decanting. 

Hydrofluoric acid attacks silicates with an initially vigorous and dangerous 
exothermic reaction. The addition of ethanol to dry samples subdues this 
reaction but, since ethanol is volatile, it soon evaporates and does not 
appr^ably dilute the acid. Suspending the beakers in cool water dissipates 
toe eicess heat generated when the acid is first added. 

Residues are next treated by filling the tubes with boiling concentrated 
hydrochloric acid which is stirred in with a polj'propylene stirring rod. The 
tubes are heated in a bath filled with Lissapol detergent, for lOmin. at 
120°c. (The temperature of the acid in the tubes does not, however, exceed 
95°C.) They are then lifted out of the bath, are rinsed in hot water to 
remove the film of detergent, are centrifuged and the acid decanted. 

This process is rq>eatM with 10% hyckochloric add at least twice — until 
the decant loses its yellow colour. After washing with distilled water, an 
inspection mount is made. 

If the residue is in a gel, i.e., adheres to the stirring rod, it can usually 
be dispersed (see llltrasonic Treatment). If much free mineral material 
remains the sample may benefit from immediate flotation, but most samples 
contain little mineral material and can be oxidised immediately. 

Oxidation 

The author is acutely aware that microfossils have diflferent osddation 
susceptibility (Havinga, 1964) and that strong alkali treatment can be 
hatmiul. Therefore oxidation and neutralisation are done with the utmost 
Cite. 

Oxidation is by Schulze treatment (Schulze, 1855; Manum, 1956), i.e., 
by adding 50-100 mg of potassium chlorate and 10 ml of concentrated 
nitric acid to the residues in polypropylene tubes. Both reagents should be 
increased for samples containing a large amount of organic material. The 
add is diluted in the tube when a satisfactory reaction has occurred or after 
10 min if tiiere is no apparent reaction. After centrifuging, the residues are 
neutralised with 5% ammonium hydroxide, centrifuged again and washed. 
A second inspection water mount is then made. 

ACBTYLATION 

The samples are pre-washed with 15 ml of gladal acetic add, then treated 
with 20 ml of acetylatioo reagent per tube. The residues in the tubes are 
stirred and warmed in a water bath at 90°c for 10 min. After centrifuging 
the residues are washed in acetone. 
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Acetylatkn of uMm (Etdtmen, 1934, 1943; Gray, 1963b) ranoves 
unwanted ceUulote material. It also i n y io m the mJciofossils for microscopf 
hf increasing the contrast of their external mocphological details. Extreme 
care is taken to avoid over treating residues since this causes sweUing of 
mioofossils (duper, 1933; Hams, 1936; Mdntyre, 1963). 

SBOftT Cbniufuging 

Short oentrifuging (Funkhouser and Evitt, 1939) is the final treatment 

given to all samples. Afttt wa^iing, the residues are transferred to 15 mi 
conical glass tubes and short centriniged by stining, immediately oentrifug- 
ing and decanting (see Centrifuging). The process is repeated until the 
supernatant liquid is dear — ^four times is usually sufficient. A perma n en t 
mount is then made. 

Special Trbatmbnts 

Any of the following additional treatments may be required: 

(a) Should an excess of dark brown to black organic material remain, it 
is treated with chromium trioxide and nitric acid (Funkhouser and Evitt, 
1939), neutralised with 3% ammonium hydrooddc^ washed, and stained. 

(b) An e«ess of light hiown organic material oia be om o o me by treating 
wtm 2% sodram hypoMorite, nei£«lisation with 3^ ammonium l^dronde; 
wash, and stain (Hoffmeister, I960). 

(r) Persistent mineral material can be readily removed by density scpara- 
tion (see Flotation). 

Flotation 

Residues in 15 ml conical glass tubes are acidified by washing in 10% 
hydrochloric acid after which 10 ml of zinc bromide solution (Sp. Gr. 2-0) is 
added (Staplin et al., I960). The mixture is stirred thoroughly, and if 
flocailation occurs this is overcome by brief ultrasonic irradiatioo. After 
centrifuging the tubes are given a quick swirl before decanting the float 
fraction into 30 ml glass tubes. Both sets of residues are washed with 10% 
hydrochloric acid. The float fractions are then transferred to 15 ml tubes. 

This method is at least as effective as other methods of heavy liquid 
flotation (Funkhouser and Evitt, 1959; Staplin et al„ I960), is sio4>ler, and 
uses less zinc bromide solution. 

Goal Macbbation 

Samples of approximately 5 g are crushed to less than 300 ;x and 
macerated by Scnulze reagent, i.e., half their volume of dry potassium 
chlorate and 13 ml of concentrated nitric acid are added to the san^le m 
30 ml polypropylene tubes. This is diluted when sufficient oxidaton has 
occurred, or at the end of 1 5 min if there is no apparent reaction. After 
centrifuging and decanting, the residues are neutralised with 5% ammonium 
hydroxide. All coal samples undergo acetylation, after which a mount is 
made. 
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If maceration is incomplete, appropriate Special Treatment (see above) 
is given. Sodiimi hypochlorite treatment before treating with Schulze reagent 
gives very workable yields from some coals (Lee, 1964). When fusain is 
present it can appear as fine particles throughout the final preparation and 
because of its inert nature cannot be eliminated chemically. It can, however, 
be removed by ultrasonic irradiation. 



Peat Extrachoms 

A modification of Churchill's method has been adopted (Churchill, 
1937). Gaii2e tubes 4 X 1*23 an of 177 /i aperture (80 mesh) are filled 
with peat. Gate Is taken not to compress the peat, which wfll clog the 
gnat. They are st(^pered and suspencied in 50 ml polypropylene tubes con- 
biining 5% potassium hydroxide and heated for 10 min in the heating bath. 

A good method of suspending the gauze tubes in the 50 ml tubes is to 
heat the end of an 8 cm length of wire in a bunsen burner flame and 
immediately force it into a suitable rubber bung. When the wire is bent 
at right angles in the middle and the gauze tube attached, the wire will 
hang on the lip of the 50 ml tube. The wire can also be used as a handle 
to agitate the gause tube. 

Microfossils are concentrated in the alkali as convection and some manual 
«g«*>»*'^ causes fine particles to filter into solution while coarse material 
is retained by the gauze tube. After heating, the alkali solution is centri- 
fuged, washed, and the residue inspected as a water mount. It may be 
stained or further treated by acetylation before mounting permanently. 
Some peat contains mineral material which can readily be eliminated by 



ULIRASONIC XkBATMBNT 



It has been noted by several authors that ultrasonic treatment can be 
destructive to organic-walled microfossils. These effects appear to be at a 
minimum before oxidation has taken place (Mdntyre and Norris, 1964) 
and ultrasonic irradiation is used to great advantage on many samples at 
that stSLge with negligible effect on the microfossils. It should be noted that 
several factors influence the intensity of cavitation with individual machines 
(Weissler, 1953; Weissler and Hine, 1962). Details of the machine used 
are given below (see Equipment). 

To treat the samples they are transferred to 50 ml glass tubes (glass 
i^ypeais to tiansaut ultrasonic energy more efficiently th^ polypropylene) 
with 15 ml of dilute non-ionic detergent to aid dispersion. Samples are 
irradiated for 10 min after which the tubes are immediately removed, filled 
with water, and the residues stirred, centrifuged, and decanted. Washing 
is repeated, if necessary, until the supernatant liquid is clear. 

Ultrasonic irradiation is occasionally used briefly after oxidation to 
deflocculate residues (Funkhouser and Evitt, 1959; Stevens et al., I960), 
but is only used for more than a minute when dispersing fusain (see Coal 
Maceration). Here the benefits of eliminating rasun must be equated 
agamst possible breakage of microfossils. 
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The ttltrtsofiic vSmtoc fmpeoAy enables e(|uipment to be dcaoed wbicfa 
would otherwise have to be discarded. This is particulariy so with 15 ml 
conical glass tubes and ganze tubes used for peat sao^les. 



Cbntrifuging 

Although methods of centrifuging are largely determined by the partiailar 
machine used, the following points may be noted about the author's 
centrifuging practices : 

(<a) Standard centrifuging for 50 ml tubes is four minutes at 2,000 r.p.m., 
after which it can be braked to stop if required. R.C.F. at the tip for this 
centrifuge is given as 1,800 at 2,900 r.pjn. 

(h) When centrifuging viscous li<]uids, e.g., zinc bromide solution, 3 min 
at 2,000 r.p jn. is suOoent, but without braUng as this causes resu^>ension. 

(r) Following ultrasonic irradiation 30 ml tubes are oentrifuged for only 
15 sec at 2,000 r.pjn. and coasted to a stop. 

(d) 1 5 ml conical glass tubes required only 2 min at 2,000 r.p jn. R.C.F. 

at the tip for this centrifuge is given as 1,000 at 2,000 r.p.m. 

{e) Short centrifuging of freshly stirred residues is effected by accelerating 
them in the centrifuge to 2,000 r.p.m. in about 30 sec, at which point it is 
switched off and coasted to a stop. The tubes are removed and the contents 
decanted immediately. 

Slide Mounting 

Disposable semi-micro pipettes are invaluable for transferring small resi- 
dues from tube to slide. They can also be used to blow air through larger, 
aqueous residues to give homogeneous solutions from wfaidi r e pi ese u tattve 
samples can be drawn off for mounting. Pre-cleaned slides and cover ^Uisses 
are used. Mounts are made in glycerine jelly, which is readily made and is 
a convenient water-miscible mountant. The author uses wood toothpicks 
which are wide and flat at one end, for spreading and mixing the residue 
with the mountant. 

It has been noted (Andersen, I960) that glycerine jelly has two undesir- 
able properties, namely : {a) that its refractive index is not entirely suitable, 
and (b) it is not consickied to be petmanent The author has not found 
a mountant as convenient to use with superior optical properties to glycerine 
jelly. Permanence is relative — if the mounts are adequately sealed and stored 
horizontally they are quite permanent (Norris, 1962). 

Cover glasses are sealed with clear lacquer which remains pliable and can 
be readily removed without disturbing the mount. Slides are ready for use 
in a few minutes. 

Storage of Samples 

Some of the original material is kept in 500-gauge polyethylene bags, 
usually 15 X 10 cm, but larger samples from important localities, e.g., 
type sections, in bags 30*5 X 20 cm. Samples are labelled by writing on the 
bags with a felt-tipped marker pen. 
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To store processed residues, a few drops of 3% phenol solution are 
added to each tube and the aqueous lesioues aie transferred to labelled, 
10 ml, glass viak with plastic caps. The top 3 mm of the vials are fUled 
with 10 centistokes silicone fluid from a dispensing bottle. Phenol prevents 
fungal growth and the inert silicone fluid floats on the water to prevent 
desiccation. This is considered a more practical method than dry storage 
of residues (Dempsey and Urban, 1965) because residues are fully pro- 
cessed before storage and tedious desiccation is not required. By decanting 
the excess fluid from residues in the vials they are immediately available for 
fnrdier processing, additional slides, or for single mountii^. 

Slides are stored horizontally in sted slide cabinets. 



Equipment 

A comprehensive list of equipment has already been given by Gray 
(1965a). The following further brief notes on equipment are offered: 

(a) 250 ml beakers containing samples in hydrofluoric acid are digested on 
a thermostatically controlled oscillating hotplate (45 X 34 cm) (Staplin 
gfal., I960). This is a safe and effident method. 

(b) Centrifuges in palynological laboratories must be versatile and rug- 
gedly constructed. Tbe machine used at the N2. Goilogical Survey (suppli^ 
by International Equipment Company, Boston 33, Mass., U.S.A.) toads 
8 X 100 ml, 16 X 30 ml, or 32 X 13 ml tubes on one eight>place combina- 
tion head. 

(r) The electric heating bath contains concentrated detergent (Ussapol, 
an I.C.I, product) and operates at 120°c. It requires no attention, causes 
no steam problem, and does not corrode equipment. 

(d) The ultrasonic vibrator is a Narda Sonblaster series 600 generator 
and operates a 40 kc/sec and 60 W average output, coupled to a tank 
activated by a barium titanate transducer. This equipment permits good 
control of irradiation given to residues. 

{e) The author uses a tube mixer for stirring residues whenever possible 
beomse of its eflkiency. This avoids breakage of fragile specimens and 
minimises possible contamination. 

(/) A slide mounting hotplate with thermostat ccmtrol and chromium 
plated top used and gives good visibility during slide mounting. It ke^ 
the mountant ready for immediate use. 



Safety and Protection 

A face guard and two-dip, half gauntlet rubber gloves are worn in 
addition to a laboratory coat when using chemicals in the course of sample 
processing. 

The centrifuge is placed in line with the fume cupboard, so that the 
operator at the fume cupboard need only turn through 180° to use it. 
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Coctoston of die centrifuge has been a probkm-^^nerhably some fumes 
escape fram capped tubes and not all tubes can be fitted caps. Coatuif 
all parts in die Dowl with a layer of silicone grease gives a fair measure w 

protection, but its application is time consuming and corrosion is not 
restricted to the bowl and contents. 

A modified vacuum cleaner is now used as a blower inserted in the lid 
(see Fig. 1) and a 5 cm exhaust duct leads from the bottom of the bowl 
to the fume cupboard. To clear fumes, the blower is switched on briefly 
just before the centrifuge stops. This modification, while not altering tbie 
centrifuge structurally, protects the centrifuge and prevents die opoator 
inhaling fumes being drawn past him towara die fume aqjboard. 

Eao^tment used in the fume cupboard requires protection from cociosiofi. 
"Chloroseal", a paint described as a chlorinated rubber compo un d with 
add resistant properties, has been used successfully. Spray-on lacquer and 
plastics such as "P.T.F.E." have possibilities, but have not been proved. It 
IS desirable to give a suitable protective coating to new equipment. 

Hazards 

(a) Care must be taken not to allow water to enter the hot (120°c) 
detergent-filled bath. 

(^) Ultrasonic vibrators can be noisy and injurious to personnel if they 
Operate at frequencies near the human audible range. The machine used at 
the N2. Geou^gical Survey is safe since it cfj^entes at a fixed frequency of 
twice the human audible range. 



Records 

Preparation sheets are used in the laborator)' to record full details of 
treatments given to each sample. Since samples are usually prepared in 
multiples of eight, cydostyled sheets with eight horizontal columns, 22 mm 
wide and 6M&d into 12 vertical columns 26 mm wide, are used. The first 
two colimins on the left are used for sample numbers, the remaining ten are 
subdivided horixontaliy into three to record (i) reagent used, (ii) details 
of any visible reaction, and (iii) microscopic observations. Using both sides 
of the sheet, details of twenty treatments of each sample can be recorded. 

Advantages 

(^a) In return for a little time spent recording details as the preparation 
proceeds, a permanent record of individual sample treatments is compiled. 

(^) If desired the recorded procedure can be repeated or applied to any 
other sample, i.e., of the same lithology. 

(f) Full details of important reactions, e.g., oxidation, are available. 

(d) An improved procedure for any given sample can be planned by 
referring to this record. 
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£XP£RINCENTAL DEFORMATICKNf OF ARGILUTE: 
PRODUCTION OF KINK FOLDS AT 450<>c 
AND 1 KILOBAR Pho 
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Geologjr D^attmeat, Univetsity o£ Otigo 

J. BOGfiESf 

Geochemistiy Laboratory, New Zealand Geological Survey, Chemistry 

Deptitamt, Ufuvcfsttf of Otago 

(R0emd for ^MkUcMthm 11 Dumkm 19€7) 
Abstract 

Kink folds have been produced in argillitc specimens deformed at varied strain 
wtM under timnlafrd metBmocphic c oodit io as of 4iO'c md P|j O ~ ^ kilobor. Folds 

were {omttA at 15% thotteoiog. Tbe only mwtianiini of dfformartoo wcngniied 
was nwditnical nMicieataiioQ of auneial gnias. 



iMTBODUCnOM 

Paterson and Weiss (1962, 1966) produced kink bands and conjugate 
folds by deforming dry specimens of phyllite and mica schist. Their 
experiments were at room temperature and 5 kilobar-confining pressure 
(radial expansion permitted) with high rates of strain (5^-10% per 
minute) and total strains of 5% to 80%. Herein is described the deforma- 
tioQ of bcass-jacketed sptdmma of an aigilUte cemltiDg in Idnk folds 
(Turner aad Weiss, 1963, p. 114; Dewey, 1965, p. 460). Each expethnat 
was of several days duration at 450°c with 1 kilobar water vapour pressure. 
Radial expansion was constrained, the rate of strain slow and total rtcaios 
varied from 13% to 46%. The confining pressures are not known. 

An argillite from the Manuherikia River (Mutch, 1963, grid ref. 
S33/6191) of the prehnite-pumpellyite metagre)'wacke facies was chosen for 
these experiments at and 1 kild^ar water pressure. Considerations j 

bearing on this choice were: (4) It is fine grained (estimated 13 micron 
average grain size) and therefore likely to react or recrystaUise more easily 
than the coarser sandstones under the above P-T conditions, (b) It is thought 
to be part of the parent material for the neighbouring schists (Grady, 1968). 
(r) Slaty cleavage is well developed, {d) There are no fractures or kink 
folds. 



^Present address: Broken Hill Prop. Co. Ltd, GJ>.0. Box 86a, Melbourne, Victoria 
3001, Australia. 

fPrescnt address : Director, NuZ.FJkC.ILA., P.O. Box 23-594, Papatodoe Bas^ AadE* 

land. New Zealand. 

N.Z. Jl Geol. Ctophys. 11 : 1222-9 
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Detrital minerals in the argillite include quartz, feldspar, epidote, and 
minor opaques. Some quartz shows strain features but most is strain-free. 
Fddspar is completely aibidsed and epidote is sometimes partlv rimmed by 
pumpellyite. Detrital or teconstitated groundmass quartz and albite make up 
about 50% of this rock, while ^idote is minor (5%). Secondary muscovite 
and chlorite also form prominent components (f. 35%), and together, by 
their preferred orientation, defined the slaty cleavage. Pumpellyite is minor 
(5%-10%) and of pale colour (iron-poor). Opaques are partly iron oxides 
and partly very fine graphitic material. 



Method 

Preliminary hydrothermal experiments with powdered (minus 350 mesh) 
argillite in both sealed and unsealed tubes at 450^c and P h o = 1 kilolMr 

2 

showed that in the 1 to 7 days no significant mineralqgical changes wece 
detectable by X-iay and o|>tical methods. 

Cylinders of argillite wece cored with a diamond bit, parallel to slaty 
cleavage. Specimens were trimmed to suitable lengths and fitted with thin 
hcass jackets after careful meBsorement of diameter and length. 

Means and Rogers (1964) have described the e]^)erimental equipment 
and procedares. 

The fbmace temperature was controlled at 450^c by a Pt-Pt Rh (13'%) 
tfaemocouple and a Transitrol temperature controller, and the water pressure 

was maintained at 1 kilobar with a Sprague pump. The stress applied to the 
piston head was measured with a strain gauge. Friction on the piston was 
negligible and was disregarded in calculating the stress applied to the 
^ecimen. The dimensions of the brass jackets and steel cylinder are shown 
under Fig. 1. 

Fabrics of the argillite and of the experimentally deformed specimens 
were examined in thm section and by comparison of tne X-ray diiffractometer 
peak heights obtained from the three oriented slabs of undeformed argillite 
with those detained from polished faces of the deformed specimen cut 

parallel and perpendicular to the piston face. The principal peaks examined 
were the basal reflections of chlorite and muscovite. As the changes in the 
fabric of the specimens produced durine the experiments were only local 
the X-ray difiPractograms did not detect mem. 



Results 

The deformation was of two types, determined by the position of the 
anvil as shown in Fig. 1. Tn experiments 1(a) and 2(a) there was shorten- 
ing with little or no radial expansion, while in 3(b) there was shortening 
with extrusion over the apex of the truncated cone. Details of the defoona- 
tions are shown in Table 1. 
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Fig. 1 — Arrangement of piston, specimen, brass jackets (ij and oj) and sted cylmder 

(sc) for 1(a) shortening with little or no radial expansion, (b) shortening with j 
extrusion over the apex of the truncated cone. (Not to scale.) ij = 11-1 and 
11-3 mm internal and 12*4 mm external diameter 12*3h-13'8mm long, 
oj = 12 -3 i.d. 16 nun e.d. 20 mm long. SC = 16 mm i.d. top and 17 mm i.a. 
bottom. 21mm e.d. 28.3 mm loQg. 

i 
I 





Table 1- 


—Details of Deformation 






Experiment 


Drivc 


HoufS 


Strain Rate Total Strain 
(%/hour) (%) 


Ph,o 
(kilobar) 


1(a) 


Manual 
Manual 
Mechanical 
4Kb static load 


•93 

0-5 
69-0 
96-0 


10 

12 

0-025 
Nil 


9-3 
6-0 
1-7 
0 


0 
0 
1 
1 






166-43 




17-0 




2(a) 


Mechanical 
Manual 

Static load 5 4 Kb 


50 

0-33 
16 


0-004 
40 
Nil 


0-2 
13-3 
0 


1 
X 
1 






66-33 




13-5 




3(b) 


Interrupted ) 
Mechanical j 
Manual 


109 
67 
2-5 

178-5 


0-027 
Nil 
6-42 


30 
16 
46 


1 
1 
1 



! 

1 
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From experiments 1(a) and 2(a) the general observations were: 

(a) Occasional sharp sounds, associated with decrease in stress value and 
increase in strain. (On one occasion a decrease of 0-77 kilobars in stress, 
and an increase of 0-5% total strain, were measured.) Possibly these are 
associated with the sadden movements fonning kink rolds. 

(b) There were no mineralogical changes. 

A thin section cut 1 mm from bottom and perpendicular to the axis of a 
cylinder shortened 17% showed no changes. Means and Rogers (1964) found 
tbat the fabric and fflineraic^ of end sections of deformed cylinders were 
not necessarily representative of the fabric in the body of the cylinder. 
Thus a section cut parallel to the axis showed kink bands in the slaty deavage 
as lens-like zones up to 2 mm long and 0-5 mm wide. There were two 
sets of such zones developed at about 45° to each other and symmetrically 
arranged about the trace of the slaty cleavage. One set was much better 
developed tiian the other. Individual kink zones were well separated and 
the two sets did not intersect to a marked d^ee. In fact, at about the 
inferred point of intersection, the intensity of Elding died out. The sense 
of movement associated with the formation of the kink zones is shown 
in Fig. 2. 

Part of the observed strain was the result of rupture and relative move- 
ment of blocks within the specimen. Unfractured blocks up to 8 mm X 6 mm 
are present. These correlate with areas of undeformed slaty cleavage. Frac- 
ture surfaces are at no regular angle to the cylinder axis. A concentration 
of fractures is seen in zones running from the top and bottom edges of the 
specimen and passing diagonally through its centre, suggesting a cone of 
fracture surfaces. 

A thin section cut parallel to the axis of a cylinder shortened 13*5% 
showed a narrow irregular zone of re-orientated slaty cleavage (Fig. 3) in 
which the fabric has been rotated up to 90°. There is little evidence of 
deformation in the rest of the specimen. Displacements on fractures and 
associated movement again accounted for part of the total strain. Undrformed 
blocks correlate with areas of undeformed slaty deavage in Fig. 3. Fracture 
surfaces tend to run diagonally through the specimen. 

This specimen showed more extensive devdopment of fractures than the 
one shortened 17%. However, it was strained more rapidly and remained 
under load, without deformation for a shorter time, 16 hr compared with 
96 hr. Possibly opportunity for healing recrystallisation is optimum when 
there is no, or only slow deformation. Alternativdy the fracturing is a 
result of the greater pore pressure of water present initially (set Griggs, 
1936, pp. 566-567; Heard, I960, pp. 216-223, 225-226). 

The significant result in these two ei^eriments is the production of 
re-oriented fabrics under simulated metamocphic conditions, without exten- 
sive fracturing. 

Observations from experiment 3(b) were: 

(d) There were no mineralogical changes. 

(b) A thin section cut parallel to the cylinder axis showed that deforma- 
tion was concentrated near the base of the specimen and that the argillite 
was extruded around the truncated cone of the anvil (Fig. 4). Kink zones 

Geology— 11 
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FlG. 2 — Diagrammatic sketch of section parallel to cylinder axis from spedoMQ short' 
eaed 17% showing dixectioos of movement along kink zones. 
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Re 3 — Sketch of thin section cut parallel to cylinder axis from specimen shortened 
13-3% showing narrow imgular xooe of re-orieoted slaty cleavage. &iia11 arrows 
show directioQS of moyement oq small kink zooes. 
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Fig. 4 — ^Sketch of thin section cut parallel to cylinder axis from specimen shortened 
46% showing kink zones associated with extrusion. 
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are associated with the extrusion movements and one major sinuous kink 
zone extended high into the specimen. Slaty cleavage planes are remarkably 
coatinnous tfaroo^out the ^edmen and diere was notable o^eston witfam 
ttie fabric, in -w&dk feK>rientation invtdving 90^ Mode rotation of mineral 
grains was evident. The development of fractures and the associated move- 
ments accounted for part of the strain. Fractures are concentrated in the 
central part of the specimen where deformation was greatest (Fig. 4) and 
are surrounded by blocks of undeformed, unfractured argillite. 

Conclusions 

Preliminary hydrothermal experiments; on powdered argillite showed no 
mineralogicai changes at 450°c and 1 kilobar q. There was no evidence 

in thin section that deformation had facilitated reaction. Optical studies 
of the deformed specimens revealed no change in the grain size of constitueiU 
minerals. These observations lead to the conclusion that recrj'staUisation is 
not a major mechanism of the re-orientation achieved in these experiments. 
Therefore, in both types of experiments, it is concluded that the mechanisms 
of ieK>rientation are mechanical. 
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Abstkact 

Potassium -argon dates on biotite and hornblende separated from six intrusive rocks 
from the north shore of Foveaux Strait (between Pahia Peninsula and Blu^) and 
Ruapuke Island range from 253 m.y. (late Pecmtan) to 133 m.y. (early Cretaceous). 
The younger dates, however, are discarded because of wide discordance be^^veen the 
biotite and hornblende determinations, and petrographic evidence of alteration. The 
accepted range of ages is from 290 m.y. to 217 m.y., although tfie younger of dwaHc. 
corresponding to about middle Triassic, are rccarded witli caution oecause of minor 
discordance between the biotite and hornblende dates in the two rocks concerned. 
Nevertfiden, tfie poss&ilitv tibat totmsioa of some of tfie rodcs extended into ttw 
Triassic is recorded and briefly discussed. 



Introduction 

Rodcs for this reconnaissance stu^ were collected (by I. Devereux 
and W. A. Watters) from the north shore of Foveaux Strait and Riiapoke 

Island. Mineral serrations were largely carried out at the New Zealand 
Geological Survqr, Lower Hutt, and the samples processed (by I. Devereux 
and I. McDougall) in the geochronology laboratory of the Department of 
Geophysics and Geochemistry, Australian National University, C^anherra. 

The results are given in Table 1. 

The procedures employed in determining the K-Ar dates have been 
described previously (McDougall, 1966; Cooper, 1963). Potassium is 
measured using the flame photometric method widi lithiam intemai stand- 
ard; duplicate determinations (Table 1) agree to better than 0*5%. Argon is 
determined by the isotope dilution technique; the isotopic analysis of the 
purified argon is made on a Reynolds-type mass spectrometer. Replicate 
measurements of the radiogenic argon content in this laboratory normally 

N.Z. Jl Geol. Geophys. 11 : 1230-5. 
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agree to wMdn 2% as indicsted by the fesults on biotite tmotted in TaUe 1. 
However, <kq>licate measoreoients on two hornblendes dmcr by about y% 
(Table I), and this may be because of minor contamination of the mineral 
concentrates by biotite, rendering it difficult to obtain representative splits 
for argon analysis. The overall precision of measurement of a K-Ar date in 
the present paper is about ±5% at the 95% confidence level. 



Samples 

KA3* (GA923*) (P32751*). Coarsegrained hornblende-rich gabbro. Coast 

about 1 mile east of Barracouta Point, Bluff Peninsula (Sl81/282836t). 
KA5 (GA925 (P32753). Coarse grained hornblende-rich gabbro. Coast 

about ^ mile south-south-east of Pahia Point (S175/791093). 
KA? (GA927) (P32755). SlighUy gndssic biotite tonalite. 1 niile sooth- 

east of Pdiia Point (S173/798087). 
K:A9 (GA929) (P32757). Fine grained adamellite. Near mouth of Ouki 

Creek, 3 miles south-east of Pahia Point (S175/832073). 
KAlO (GA930) (P32758). Tonalite with numerous amphiboiite inclusions. 

West end of Kawakaputa Bay (S176/892029). 
KA12 (GA932) (P32760). Tonalite. Near southern point of Ruapuke 

Island, eastern approaches of Foveaux Strait. 



Discussion of Results 
Bluff 

The intrusive rocks, mainly norite, at Bluff have been described in detail 
by Service who considered them to be late Paleozoic or at least older than 
middle Triassic (Service, 1937, pp. 187, 214). The date for K:A3 horn- 
blende (247 d= 10 ffl.y.) corresponds dosdy with the Rb-Sr date on biotite 

of the pegmatite from the Bluff norite reported by Aronson (1965) at 

246 ±: 7 m.y. The hornblende gabbro dated is similar to the coarse-grained 
hornblende rock mentioned by Service (1937, p. 208) as a phase of the main 
Bluff norite which is itself intimately intruded by the pegmatite dated by 
Aronson (1965). 

Pahut Area 

No detailed petrological work on the intrusrre rocks from this area has 
been published. Wood (1966) includes them within the late Paleozoic 
Longwood Intrusives which comprise part of the Longwood Complex 
of Mutch (1957). In the eastern part of the Longwood Range the 



♦Numbers prefixed by KA are for the field number given during collection. Those 
prefixed by GA are the reference numbers of the Department of Geophysics and 
Geodkcmistiy, Australian Nati<mal University, Canberra. The nimibers prefixed by P 
are the catalogue numbers of safoples hdd in die Petrology Section collectioo. New 
Zealand Geological Survey. 

tGrid reference based on me sheet district of the 1 : 63,360 topographical tnap series 
(NZMS 1) and die oatiooal thousand-yard grid shown on this series. 
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Tablb 1— PotanittOHUgOli Mineral Dates on Rocb from the FoTOUix Strait RegjkM, 

South Island, New Zealand 



KAlO 



KA12 



Sample Mineral K% *Ar*"/K" %Atoi. Calculated 

No. Xl<r" A«e(in.y.) 



KA3 Hornblende o- 1 u}^ ^ 

KA3 Hornblende o-26l}^'^^ 
jsiotitc }7 09 

[Hornblende t^l^'^^^ 
KA9 Biotite 
Biotite 



KA7 -I 



(1) 1-510 

(2) 1-579 


55-3 
73-0 


242 

253 


(1) 0-992 
<2) 0-946 


41-0 
35-5 


163 
155 


(1) 0-807 

(2) 0-815 

(3) 0-822 


14-4 
19-9 
3-2 


133 
135 
136 


0-991 


8-2 


162 



Hombleode o*60o}^''^ 
Biotite 



7-22 1- 
7 25 



Hornblende o-JIsl®'^' 



1-156 


14-9 


188 


1-289 


7-7 


209 


1-354 


3-8 


217 


1-311 


8-1 


212 


1-302 


8-2 


211 


1-341 


70 


217 



X. « 0-584 X 10-* yr* X = 4-72 X lO^yr"* 

K" = 1-19 X lO"* mole/mole K "Ar* — radiogenic ugon 



intrusive todcs ace gradational with thermally metamorphosed sediments 
and pyrodastic rodks some of which carry fragmentary Permian fossils 
(Mutch, 1937). The ftTailakle stratigraphic informatioa, although scxnty, 
tibus si^ests a Permian or younger age for the Loogwood Intrusives. 

For sample KA7 the marked discordance between the biotite and horn- 
blende dates indicates that considerable argon loss has occurred and that the 
hornblende age must be regarded as a minimum. In the nc.irbv sample KA5 
the hornblende age agrees with that given by the hornblende of sample KA7, 
suggesting that an age of about 160 m.y. may have some geological 
significance. 

It is difficult to evaluate die single age given by the biotite <^ sao^Ie 

KA9. The indication of disturbance in sample KA7 at least as young as 
1 62 m.y. makes it probable that the adamellite has also been affected and Aat 

the age obtained is a minimum one. 

For sample KAlO the accordance of the ages for biotite and hornblende 
is satisfactory. In both KAlO and KA12 {see below), however, the measured 



Copyrighted material 



Deveuhjx BoTASsnjM-AicoN Dates 



1233 



ages of die hocabfeiides ate a few penxirt gmtec tfian those of the biotttes. 
PoasUf, tfaeicfore, these rods may have suffered some distofbance, and the 
measured ages shoaid be icgacded wkh cantkn and taken as mmifnum 
values. 

Ruapuke Island 

Little has been pubh'shed <mi the geology of Ruapuke Island. Lithologic- 
ally the rodcs — mainly noritic, dioritic, and tonalitic intrusives locally carry- 
ing numerous amphibolite inclusions — are ver)- similar to those of parts 
of Bluff Peninsula and the southern part of the Longwood Range. On the 
Stewart Island 1 : 250,000 geological map (Waiters, Speden, and Wood, 
1968) the greater |>art of Rnapuke Island is correlated with the Anglem 
Con^lex of northern Stewart Island much of which closely resembles the 
rocks of the southern part of the Longwood Intrusives. The biotite and 
hornblende ages for the Ruapuke Island tooalite (sample KA12) arc 
acrordant and similar to those for KAlO. 



From the Geological Society of London time scale and re\'isions by Webb 
and McDougall (1967) the measured ages obtained range from late 
Penman (KA3) throogh the middle Triassic (KAlO, KA12), to the eady 
Oetaceoos (iCA5, KA7). In interpreting the results, however, allowance 

must be made for appredaUe argon loss. The most obvious cause 6t diis 

is the deformation that accompanied the late Mesozoic Rangitata orogeny. 
If this is accepted then it could be argued that all the rocks should give the 
relatively young ages. Possibly, therefore, the comparatively voung dates 
obtained are related in part to localised areas of deformation and an increase 
in temperature during the orogeny. The early Cretaceous and Jurassic ages 
obtained (TaUe 1) must be discarded because of the wide discordance 
between the biotite and hornblende determinations and the petrographic 
evidence of alteration, particularly in sample KA5 (see Appendix). Like- 
wise the age determined on sample KA9 should be viewed with caution 
because of the likelihood of argon loss. Howev^er, the agreement between 
KA5 and KA7 hornblende results may be more than fortuitous. 

If the remaining dates are accepted (KA3, KAlO, KA12), then the 
range indicated is from 230 m.y. to 217 my. In the Longwood Coo^lex and 
the oonmlexes on Ruapuke Island and northern Stewart Island basic rodcs 
are cut by diorites, tonalites, and granites. Moceover, field and petrographic 
evidence indicates that there have been separate episodes of intrusion of 
basic and probably also of granitic rocks. Thus on Stewart Island basic dike 
intrusion extended through most if not all of the period of igneous activity 
recorded there. There is, however, no field and petrographic evidence of the 
differcnoe in age between the oldest and youngest intrusions, and in fact this 
difference may well be small. Nevertheless, the two determinations from 
the comparatively widely separated localities, Ruapuke Island and Kawakaputa 
Bay, indicate that the youngest rocks in the Longwood and Bluff-Ruapuke 
complexes may have been emplaced in the middle Triassic and that 
intrusion of the complexes as a whole extended from the Permian into the 
Triassic. The results obtained, however, should — until more determinations 
have been made — be viewed with caution because of the minor discordance 
between the biotite and hornblende dates. 
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Appendix 



PETROGJEIAPHIC NOTES ON THE ROCK SAMPLES 



KA3 

Coarse grained hornblende gabbro grading in places to almost pure 
hombleQdite with ctystils up to 10 cm long. Minerals are pate brawn 
homblcnde and almost completely saussuritised plagiodaae. The hocnbleQde 
in a few places grades abruptly to an almost colourless or pale green 
non-fibrous variety in optical continuity with the rest. Minor reddish brown 
biotite is also present. Secondary minerals are widespread and include 
chlorite, prehnite, and actinolite. In the main the hornblende is unaiSected 
by alteration. 

Oxurse grained hornblende gabbro with alternating hornblende-rich and 
feldspar-rich layers. Hornblende crystals are up to 4 cm long. The feldspar 

in the feldspathic layers (An^o so) is comparatively fresh apart from minor 
clouding and occasional thin veins of very fine grained pale green chlorite. 
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In the homblende-ridi layers the fddspar is mndi moce douded and is con- 
siderably more albitic, approaching sodic andesine. The hornblende is mildly 
pleochroic (X light yeflow-brown, Z brown or greenish brown). In many 
places it shows intense alteration and is replaced by varying relative amounts 
of actinolite;, chlorite, and caicite. 

KA7 

Slightly weathered tonalite consisting of zoned andesine (55%), quartz 
(15%), hornblende (15%), biotite (10%), minor potash feldspar and 
accessor)' apatite, sphene, magnetite, and zircon. The ferromagnesian minerals 
tend to form irregular dense clusters. The larger biotite flakes have buckled 
deavages in places, but otherwise the mica appears to be unaltered except 
for minor diloritisfition. 

KA9 

Fine grained adamellite consisting of microperthitic orthoclase (35%), 
oligodase (30%), quartz (25%), biotite (10%) and accessory magnetite 
and apatite. Both fdd^ars are densely douded in places. Biotite is 
unaltered except for rare cfaloritisation. 

KAIO 

Tonalite, consisting of andesine (60%), quartz (15%), biotite (15%), 
and hornblende (7%), with minor potash feldspar, mainly as antiperthitic 
inclusions wittiin tihe andesine. Many of tiie feld^>ar crystals have cores 
densdy douded with minute inclusions, e^>edal]y of seriate. Bodi biotfte 

and hornblende appear to be unaltered. 

The amphibolite inclusions contain andesine (50%), hornblende (25%), 
biotite (20%), minor quartz, and, as accessory minerals, sphene, ma^etite, 
and innumerable tiny apatite needles. 

KA12 

Tonalite containing the minerals andesine (55%), quartz (15%), 
potash feldspar (5%), biotite (10%), and hornblende (10%), some of 
which encloses irregular cores of colourless augite. Biotite and hornblende 
tend to form irregular dusters accompanied by small irregular indusions 
of quartz. 
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CORRECTION TO THE REPORTED OCCURRENCE OF 
IRON-RICH SAPONITR IN NEW ZEALAND 

P. B. RsiU> 

Department of Geology, University of Otago, Dunedin 
(Rttthed for pmUka^ 16 Mmcb 1968) 
Abstbact 

Reinvestigation of the reported New Zealand occurrence of iron-rich saponite 
("griffitfaite") from Twelve Mite Creek near Lake Wakatipu indiottes tlwt the 
mineral is ttilpoomdane at this localily. 



Iron-rich saponite (griffithite), an uncomiixm montxnorillonite-type 
mineral (Ross, 1946; Faust, 1955) first reported as fillines in the amygdules 
of a basalt from Cafauenga Pass, Griffith Park, Calilornia (Larsen and 
Stei^'cr, 1917), was reported in an epidote-rich schist of the Haast Schist 
Group from New Zealand. Turner and Hutton (1935, pp. 5-6) described 
a fine-grained red schist (OIJ2093) of the chlorite zone from Twelve Mile 
Creek, Lake Wakatipu, allegedly containing 50% epidote, 25% griffithite 
(iron-rich saponite), 15% quartz, and 8% hematite wldi accessory pennine» 
opaque iron ores, and calcite. 

Using spedmen OU3498, collected from the same locality, and illustrated 
by Hutton (1940, p. 56), the writer was unaUe to verify the i«fnctive indices 

of a — 1-498 zb 0-005 and y — 1*595 zt 0 005 that were used by Turner 
and Hutton to identify the mineral as "griffithite". As reported by Hutton 
(pp. 56-57), the mineral is pseudo-uniaxial negative and strongly pleochroic 
with rt pale yellow to colourless and y " fairly deep olive green, but the 
refractive indices obtained by the present author are « = 1*557 ± 0*003 
and y = 1*611 ±: 0*002. An X-ray powder photograph confirms that the 
so-ailled "griffithite" is stilpnomdane and the refractive indices correffiond 
to a composition of 70% of the ferrostilpnomelane end member (beer, 
Howie, and 7iissman, 1962). Independent work by Professor C. O. Huttoa 
(pers. comm.) substantiates this conclusion. 

Recently Brown (1967, p. 286) noted that stilpnomelane and hematite 
seem to be mutually exclusive in metamorphic rocks. However, Hutton 
(1940, p. ?6) ascribed the pink colour of specimen OU3498 to dustings of 
granular hematite. Minute hematite inclusions occur in epidote and with 
quartz, stilpnomelane, and chlorite form an apparently stable mineral 
assemblage. 

A number of Japanese workers have reported iron-rich sifonite in low- 
grade metamorphic rocks. In the green tuffs of Nagano Praecture, Japan, 
it develops with laumontite (Yamagishi, 1965), and in the eastern Akaishi 

Mountains of Central Japan, it occurs with laumontite, analcime, mordenite, 
celadonite, and prehnite (Matsuda and Kuriyagawa, 1965). In a few 

N.Z. // Geol. Geophys. 11 : 1236-7 
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heulandite-bearing dacite tulfs from the Southland syncline of New Zealand, 
deep brownish green phyllosilicates comprise a mixed-layer montmorillonite- 
type mineral and chlorite. This intensely coloured chlorite has a large basal 
spacing of 14*6 + 0*3 A (both untreated and glycolated). Like mont- 
morillonite, iion-rich saponite seems restricted to rocks of the zeolite fades. 
Although Coombs (19oi, p. 207) has predicted the occurrence of saponite» 
and iron-rich saponite might be expected in the zeolite facies rocks of 
New Zealand, the reported occurrence in higher metamorphic rocks of the 
chlorite zone near Lake Wakatipu is both unexpected and incorrect. 
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NEW ZEALAND TRIASSIC CONODONTS 

D. GRiUIAM JBMKIMS 

Department of Geology, University of Canterbury 

(Received for publication 17 June 1968) 

In 1967 the writer recorded the first discovery of conodonts in New 
Zealand and the specimens were obtained from a Devonian Reefton lime- 
stone sample from the Waitahu River (Jenkins, 1967). The present com- 
munication is to record a conodont fauna from a well established Upper 
Triassic local it)' of Okuku limestone, X^ees Pass, North Canterbury 
(S67/513*;grid ref. 783160). 

The locality was first recorded by McKay (1877), and Hector (1881) 
noted Mytilus problenuUicus which was later re-identiiBed as Monotis calvata 
Marwick, ocairring with Monotis richmonduma Zittel (Warten in Fleming, 

1959). According to Warren (1959 ibid.) and later Cafflpbdl and Warren 
(1965) the fossils indicate an Upper Triassic age (Warepan Stage of New 
Zealand), correlated with the international Norian Stage. 

The conodont fauna has yielded 19 specimens provisionally identified 
as Gondolella, a plate-like form which has been recorded from Middle 
Pennsylvanian to Upper Triassic of North America, Europe, Africa, and 
Asia (Hass, 1962). Also present are compound bar-like conodonts. Other 
miciofossils present in the sample include nsh teeth, fish scales, and internal 
casts of Fotaminiferida. 

It is intended to cany out futtfaer mvestigations of Upper PaleoKok- 
Meso2oic limestones because it is felt that conodonts may prove invaluable 
for their dating. 
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GBCXmONOLOGY OF THE BANKS PENINSULA 
VOLCANOES, NEW ZEALAND 

J. J. Snpp* and Ian McDougall 

Departmeat of Geophysics and Geochemistty, Australian National 

Universi^ 

(ttteuved for publkatitm 1 April 1968) 
Abstbact 

Banks Peninsula, on the central east coast of South Island, New Zealand, consists 
of two shield volcanoes, Lyttelton and Akaroa. Botfi are built mainly of mildly 
alkaline basaltic and andcsitic lavas. Akaroa is the younger volcano and its lavas have 
buried much of the south-eastern part of Lyttelton. Potassium-argon dating on whole 
rock samples shows that Lyttelton volcano was active between about lOm.y. and 
12 m.y. agO^ and that the main Akaroa activity occurred het\veen about 8-0 m.y. and 
9-0 m.y. ago. The central regions of both volcanoes have been very deeply eroded. 

The Diamond Harbour Group of Liggett and Gregg (1965) consists of basaltic 
lavas that lie within the confines of Lyttelton volcano, and to a large extent witliin 
the erosion caldera. These lavas range from 5 '8 m.y. to 8-2 m.y. in age. The oldest 
formation of the Diamond Harbour Group, the Church Formation, gives ages that 
overlap with those of the Akaroa lavas m the Mt Herbert regirni and are similar 
pctrographically. This points to a possible equivalence of these lavas. The younger 
formations of the Diamond Harbour Group (Kaioruru and Stoddart) have con- 
siderably yonnger ages dian the Abuoa lavas and probably were erupted from local 
sources. The isotopic dates, however, generally are in excellent agreement with field 
interpretations and indicate that volcanism in Banks Peninsula was confined to the 
late Miocene and the Pliocene. 



Introduction 



Purpose 

This study was undertaken to: (1) Determine the time scale of con- 
struction and erosion of the volcanoes comprising Banks Peninsula as well 
as their actual age, i.e., the geological history of the volcanism. (2) Deter- 
mine the history of the peninsula in relation to the Kaikoura Orogeny. 
(5) Further demonstrate the usefulness of whole rock lavas for K/Ar 
dating. 

Gengral 



Banks Peninsula is located on the central east coast of South Island, New 
Zealand, in latitude 43° 40' S and longitude 172° 45' E (Fig. 1). It is ellip- 
tical in outline with major diameter (NW-SE) approximately 32 miles 
(51 km) and minor diameter about 20 miles (32 km). It is composed of two 
large stueld volcanoes; Lyttelton (the dider) forming the nortn-west sector 



^Present address: Institute of Marine Sciences. 1 Rickenbacker Causeway, University 
of Miami, Miami, Florida, U.S.A. 
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and Akaroa the south-east. The volcanoes originally formed an island on the 
western end of the Chatham Rise (Liggett and Gregg, 1963). However, 
through the extension of gravel outwash forming the Canterbury Plains 
from the fast eroding mountains 30 miles (80 km) to the west, the north- 
west section of the island was coimected to the mainland, forming the 
volcanic peninsula seen today (Liggett and Gregg, 1965). 

Both volcanoes are built mainly of mildly alkaline basaltic to andesitic 
lavas (Speight, 1924; Coombs, 1963) interbedded with an approximately 
equal amount of pyroclastics. The lavas of Akaroa are generally more basic 
tmul diose of Lytt a ton. Many of the rocks termed andesite in this paper, 
following the nomendature <h Speight (1924), are more dosely alliea to 
alkali andesite, such as hawaiite, than to the calc-alkaline andesites of orogenic 
2ones. The term basaltic andesite is used in this paper for basaltic or 
andesitic rocks with potassium failing in the range 1*2-2*0%. 

Eruptions may have occurred from fracture zones intersecting in a central 
vent, as in Hawaii, but the e^■idence to support this suggestion has been 
destroyed by erosion. The quaqua\ersal dips of the flows suggest that 
eruption originated dominantly from a central point for each volcano. 
Flows vary m thickness but generally range between 10 to 25 ft (3-8 m) 
with dips of lO^', flattening at high devadons to approximatdy 5^. Each 
volcano has its own system of tadiuly orknted dikes ranging in coomosition 
from basalt to andesite to trachyte, the trachyte predominating (Speight, 
1923). 

Reconstructions of the original heights of the volcanoes indicate t 
Lyttelton reached about 5,500 ft (1,670 m) (Liggett and Gregg, 19( 
while Akaroa may have reached an altitude of more than 6,000 ft ( 1,830 i 
(Speight, 1944). The present average altitude of Lyttelton is 1,000-1, 50C 
with 2,300 ft (700 m) the highest point Akaroa altitnde averges c, 2,509 
(760 m) with Herbert Peak at 3,014 ft (918 m), the highest ixMnt on '€ 
peninsula. Now long exctinct, both volcanoes are deq?Iy dissected 3\ 
characterised by large erosion calderas. The southern wall of the Akari 
erosion caldera is breached, and the Lyttelton wall similarly is br&iched c 
the north-east, and also nearly eroded through on the south. Drowning I 
the sea produced the present harbours and fiord-like bays around the pec 
pheries of the volcanoes (Speight, 1943). 

Professor R. Speight, while curator of the Canterbury Museum in Chrifl 
church, was the main geological investigator of the peninsula and most 4 
the descriptions, so heavily rdied upon in this paper, are based upon h^ 
work. Descriptions by earlier workers can be round from the reterenod 

within Speiqht's papers. Recent comprehensive work in the region has been 
done by Mr K. A. Li^/^'ett, directed primarily to the relationship of the 
Diamond Harbour volcanics to those of the Akaroa and Lyttelton \oU 
canics; unfortunatdy little of this extensive work has been published as, 
yet (Liggett and Gregg, 1965). Because the geology of the region is wdl' 
covered in the literature mentioned, geologic descriptions will be kept to a 
minimum herdn, but references are given for those desiring further detail ] 

The volcanic history of the peninsula as interpreted from the stratigraphy j 
and K/Ar dating is discussed in the following section imder four general 
periods of activity: (1) Basement sedimentation and pre-dome buiidiog > 
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Suiism including the McQueens Andesite and Gd>bies Rhyolite, 
i Ljrttdtoa Group, (3) Akaroa Group, aad (4) the Diamond Harbour 
tup. Resurgent activity within the confines of Lyttelton volcano marks 
iclose of volcanism on the peninsula. The source of the volcanic rocks 
i)iamond Harbour, which are recognised as both later in age and generally 
ie basic and alkaline in composition than the Lyttelton and Akaioa 
Mips, has been uncertain for many years. Speight (1936) described tbem 
Mt Herbert flows and Quail Island flows. Liggett and Gregg (1965) 
td these, jplus others, into the "Diamond Harbour Group". Much <rf 
goochronological disaission of this paper is therefore devoted to this. 



Geochronology 

Previous Estimates as to the Age of the Volcanic Activity of 

Banks Peninsula 

That Lyttelton volcano is older than Akaroa volcano has been widely 
jepted on the bases of geomorphology and stratigraphic relationships, 
as thought to have originated from Akaroa are observed to overlie 
dton lavas, and a dike, oriented toward the centre of Akaroa, intruded 
dton flows in the Port Levy valley (Speight, 1933). 

e identification of poorly preserved molluscan casts led Speight (1926) 
' dc that the Cnarteris Bay Sandstone of the Lyttelton volcano base- 
it was Miocene. He further argued that, because considerable sedimenta- 
and erosion occurred after the Charteris Bay Sandstone was deposited, 
't Lyttelton volcano was built in the later Tertiary. Speight (1944) sug- 
fcted a very late Tertiary, possibly late Pliocene age for Akaroa. Oborn 
i Suggate (1959) place Lyttelton as Pliocene, Akaroa as Pliocene- 
iistocene, ana late phase vokanics within the Lyttelton erosion caldera 
possibly Holocene. Gage (1961) reasoned that, had Banks Peninsula 
sted prior to the nearby (40 miles or 64 km) early Pleistocene folding 
the Kaikoura Orogeny, it could hardly have escaped reflecting some of 
e eff^ects of the intense folding. As there is no e\'iaence of folding in the 
canoes, both building and dissection of them was thought to have come 
the diastrophism ; the age of the volcanism was therefore regarded 
mid to late rleistocene. Liggett and Gregg (1963), although implying 
the volcanoes of Banks Peninsula existed prior to the Kaikoura Orogeny 
were not affected by it, believed that the volcanoes were very youthful 
d suggested a Pliocene age for Lyttelton, Pleistocene-Pliocene for Akaroa, 
Piiocene-Holocene foe the Diamond Harbour Group. 

lAr Dating Technique 

I The potassium-argon dating techniques used in the Australian National 
' rsity geodironological laboratory have been described in detail else- 

(McDougall, 1964, 1966; Cooper, 1963). Briefly, the argon is 
from the sample by fusion under high vacuum. The radiogenic 
igon is then measured on a Reynolds type mass spectrometer using isotope 
lution with Ar^^ tracer. Potassium is determined by dissolution of a 
ished rock split, mixing it with a sodium-buffered lithium solution and 
measuring it against standards on a flame photometer. 
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The precisioo of measurement anist first be deteonined before t meuung- 
fal discussion of reliability of ages can be given. All potassium analyses 
were made in duplicate and values generally agreed to within \^r.. Calcula- 
tions on the duplicate measurements show that the standard deviation for a 
single measurement is ±:0-4%, Ar^on was determined in duplicate on 
nine samples, and the analysis of variance indicates that the stanoard devia- 
tkxi for a single measaieaient is ztl'2%. Allowing a standard deviatioa 
of 0*5% for tracer calibratioo and combining all errors by taking tlie square 
root of the sum of the squares we obtain a standard deviation of 1*4%. 
Hence we believe that the overall precision of an individual K Ar age to 
be approximately ±:39^ at the 95 ""r level of confidence, and the errors quoted 
in the tables are calculated on this basis. In a few cas« where the air 
argoo ooatuniaatioa is particularly high (e.g., GA2032*) a greater error 
is recorded. Acxoraqr, as distinct from precisioa, is mucfa more difficult to 
assess, but from interlaboratoiy comparisons (Lanpbere and Dalrymple, 
19^^7) it is believed that the ages reported in this paper are likely to be 
correct to better than ±5% at the 95% confidence level. 

The ages measured from the Hanks Peninsula volcanics are presented in 
Tables 2, 3, and 5 according to their probable centre of eruption ; descrip- 
tions of all samples measured are presented in the appendix. The physical 
age of the Miocene-Pliocene boundary is in doubt until agreement is reached 
on the position of the Clarendonian in the geological time scale; if placed 
in the Pliocene the age of the boundary is wout 12 m.y. (Everaden et al., 
1964), but if placed in the Upper Miocene then the boundary lies at about 
7 m.y. (Funnell, 1964). The ages in this paper are referred to the physical 
time scale of Funnell (1964), who assigns an age of about 7 m.y. to the 
Miocene-Pliocene boundary. 

ReliabHHy of Ages 

The time since extrusion and crystallisation of a volcanic rock can be 
determined by K-Ar dating to within the limits imposed by experimental 
error and uncertainties in the decay constants, provided that the rock has 
remained a dosed system since crystellisatioQ, i.e., there has been no loss or 
gain of potassium or radiogenic argon other than by radioactiye decay. A 
further assumption is that at the time of extrusion all pre-existing radiogenic 
argon contained in the magma was lost. The only means of judging whether 
the underling assumptions are fuifdled is by the consistency or otherwise of 
the results. 

McDougall (1964) and Dalrymple (1963) showed that whole rock 
samples of volcanic rocks give reliable dates provided that the samples are 
free of altecation as determined bv examination of a thin section. In some 
cases it appears that fine grained alteratioa products do not retain radiogemc 
argon even at normal temperatures (cf. Webb et al., 1967), althou^ 
Amaral ct al. (1966) and McDougall et al. (1966) demonstrated tliat 
deuteric alteration may not be as serious a problem as initially thought. In 
this study all samples were examined in thin section; only rocks with no 
or minimal alteration have been used, except where specifically noted. 



*GA is the laboratoxy sample number pre£x. 
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Pre-Lyttelton Volcanics and Basement 

In the Gebbies Pass region at the head of Lyttelton Harbour (Fig. 1) 
erosion has nearly breached the southern flank of the volcano, e^osing 
pre-Lytteltoa Group rocks rising to 1,000 ft (303 m) above sea level. The 
roanatioiis and their rdlatioawips to one aoodier (Speight, 1935) are 
arised in Table 1. 

Tabls 1 — Sunuaaty of tiw Stratigraphy ia the Lyttdton Area 

Unit Ase Relationships 

LyttdtOQ Gxov^ Miocene Gtoup 

(this paper) 



unconformity 



Gcfabics Rhyolite (?)Mioceoe Formation 

(Speight^ 1935) 



-unconformity 



Charteris Bay Sandstone (?)Miocene Formation 

(Speight, 1935) 



-unconformity 



McQueeos Andesite (?)01igocene Fonnatioci 

(this paper) 



-uncoofQcmify 



Basemeat Greywackes (?)Triassic Group 

(Obom aod Sv«gate^ 1959) 



The pre-Lyttelton volcanics are minor in volume compared to the 
Lyttdtoii Gfotq). The McQaeens Andestte crops out on Thompsons Spur 
and Gold Spur in McQucens Vallejr near Gebbies Pass and it represents an 
eady phase of volcanism in the area stratigraphically controlled by the 
underlying (?)Triassic greywackes and overlymg (?) Miocene Charteris 
Bay Sandstone. A Cretaceous age was suggested (Speight, 1935), based on 
the lithological similarity with andesites whose strati^raphic positions are 
mote prec&ly known in the Malvem and Qent Hilb to the west. K/Ar 
datfflg of a sample from the side of Thompsons Spur gave an age of 
32-5 my. This salable (Ref. No. 1, Table 2 and Fig. 1) is an ancbesite, 
dark and vitreous m hand specimen. Thin section examination showed it 
to be quite fresh and unaltered. However, because none of the other 
samples collected from this formation was of suitable freshness, no other 
fneasBrements could be made as a consistency check. Thetefoce, until coo- 
firmatory dates can be obtained, 32*3 m.y., corresponding to the early Oligo- 
cene, should be redded as ft reliable minimum. 

The Gdbbies Rhyolite, described in detail b^ Speight (1922), is white in 
colour and cryptocr^'stalline, with large phenocrysts of smokj-^ quartz and 
sanidine. Two attempts were made to date sanidine from this formation 
near Governors Bay but the ages were aberrant and not reproducible at 
9m.y. and 10*8 m.y. Because the formation is considered on stratigraphic 
grounds to be de&iitely pre-Lyttelixn Groc^, 9Xgaa loss is tndiaSed, as 
shown by the Lyttelton Group dates reported in the next section. The 
folding of the basement (Speight, 1935), may have caused diis loss of 
radiogenic argon 
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Lyttelton Group 

On the bttaes o£ geomotphology ftad sfctatigraphy, Lj^dton has been 
ooosidered the older of the Banks Peninsula volcanoes. Andesitic lavas are 
more common than in the predominantly basaltic Akaroa (Speight, 1924). 
In general the Lyttelton rocks are somewhat deuterically altered, and con- 
sequently fewer acceptable samples were found and dated from this volcano. 

Sample GA2002 (2), stratigraphically the lowest collected, occurs as a 
flow approximately 200 ft (61 m) above the base of the Lyttelton Group 
near Gosbies Pass (Fig. 1) and gave the oldest age for the volcano at 
11-9 m.y. Specimen GA2007 (7), stratigraphically the youngest, is a 
trachyte dike cutting some of the hi^iest flows on the Lyttelton east rim 
(Speight, 1938), and gave the youngest age at 9*7 m.y. The dike is oriented 
toward the centre of the volcano (Quail Island), and therefore provides 
some evidence that the volcanic shield was not markedly eroded at this 
time. All other samples from Lyttelton were collected from stratigraphically 
mtennedkte positions and gave ages between 10*3 m.y. and ll-l m.y. The 
dates on samples GA2177 (9) and GA2178 (8) are not in proper strati- 
gfa^hic sequence, although statistically the ages overlap. GA2178 in thin 
section {see Appendix) has some groundmass alteration and probably has 
experienced some degree of argon loss. GA2003 (3) and GA2003 (5) are 
from the Harbour quarry approximately 2 miles (3*2 km) east of the town 
of Lyttelton. They are fairly low stratigraphically and cive concordant ages 
q£ 11*1 m.y. GA2006 (6) from the highest exposea Lyttdton lavas on 
lift Bvans on the west side of Poet Levy Valley gave an age of 10*3 m.y. 
G A 2008 (11) from Halswell quarry will be discussed in the section covering 
the Diamond Harbour Group volcanics. Volcanism in Lyttelton volcano 
continued from about 11-9 m.y. to 9'7 m.y. ago, a period of approximately 
2 m.y. during the late Miocene. Although there are no ages lying between 
11*9 m.y. (GA2002) and 11-1 m.y. (GA2003), this apparent 0-8 m.v. gap 
Is probably because of the general pau^ of snftaUe samples, taUier man to 
mcsf real break in vdicank activity. 

Akaroa Group 

The oldest dates measured on Akaroa lavas are 9*0 m.y. (Table 3). 
Sample GA2009 (13) was obtained from a lava at sea level in Akaroa 
Hafboor and GA2010 (14) is from a lava dipping gently northward near 

I sea level at the head of Pigeon Bay (Fig. 1). Bcoi bvas are totigraphically 

I low in the volcano. 

i A sample from the Monmnent (Fig. 1, GA2001, 15) gave an age of 
8*95 m.y. As the Monument is a prominent feature at about 2,300 ft (700 m) 
above sea level, on the south flank of Lyttelton, its old age would appear 
to be anomalous. However, the age may indicate that eruption of lavas 
during the early dome-building phase of Akaroa was very rapid; the preci- 
SMn of ffieasurenient is such that a period of 0*1 m.y. to 0*3 m.y. for the 
build up conld be envisaged. 

The youngest age found for Akaroa was 8*0 m.y. (GA2024^ 28) from 
a basaltic lava stratigraphically hi^ in the sequence in tlie Le Bona Bay 
rcgkm on the eastern flanks of diemcano (Fig. 1). 
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Table 3 shows an almost ooatinooos flpectmin of ages measured on lavas 
from various localities in the "nkmo. where stratigraphy is known with 
some certainty the ages are consistent; c.g., GA2028 (32) is stratigraphically 
about 600 ft (180m) higher than GA2012 (17), and the ages agree to 
widiin experimental error. 

Samples from the Mt Herbert and Herbert Peak region (locality no. 19), 
24, 27, 29) yield ages lying between 8 0 m.y. and 8*5 m.y. These dates are 
within the same a^e range as those measured on many of the lavas from 
the main Akuoa Sm (Fig. l ) ; there is little question diat the activity in 
the two regions was contemporaneous. It is uncertain whether the Mt 
Herbert - Herbert Peak lavas which ace essentially flat-lying were erupted 
from Akaroa, flowed north-west and were ponded in the Mt Herbert area, or 
were erupted locally. 

A similar age of 8-2 m.y. was found for a lava overlying Lyttelton 
volcanics on the summit of Mt Evans (Fig. 1); this flow was mapped as 
an Akaroa outlier by Liggett and Gr^g (1963). The ages on the volcanic 
rocks from Herbert PeakTMt Herbert and Mt Evans show that the south- 
east flank of Lyttelton volcano was bUnketed by these lavas about 8*5 m.y. 
to 8*0 m.y. ago. 

Sample GA2032 (36) from Tableland Spur, south of Charteris Bay 

(Fig. 1), gave an age of 7*5 m.y. rh 0-5 m.y. Tableland Spur consists of 
flat-lying lavas regarded by Speight (1917) as belonging to Lyttelton Group, 
but Liggett and Gregg (1965, fig. D-3) map the lavas as probable Akaroa 
Group. The age obtained supports the latter interpretation. Mr K. A. 
ligg^ (pers. cooom.) believes that the Tableland Spur lavas are con- 
tinuous with those of Mt Herbert but that they are stratigraphically lower. 
The measured ages are not necessarily in conflict with this view when the 
large uncertainty of the date on GA2032 is taken into account. Howex'^er, 
the age on the Tableland Spur sample does agree with dates of the earlier 
lavas on Quail Island in Lyttelton Harbour, to be discussed in a later section. 

The possibility of a volcanic episode prior to the main Akaroa dome 
building phase has been discussed by Speight (1940). An attempt has been 
made to test his suggestion and although only partially successful, it merits 
some discussion here. His evidence for such a phase centres chiefly on the 
area at sea level around the head of Akaroa harbour and particularly on 
Onawe Peninsula. On the basis of dike orientation. Onawe Peninsula appears 
to be the volcanic centre suggesting that the "plutonic" gabbro and syenite 
cropping out there could represent an exposed early intrusive phase. How- 
ever, Speight also recognised the alternative that the "plutonics" are the 
slowly cooled portion of the magma from which the basaltic dome and 
trachyte dikes were derived. The contact relationship of the gabbro to the 
syenite is obscured. Just north of the peninsula the gabbro is interpreted to 
intrude basaltic lava, indicating activitv prior to emplacement of the gabbro. 
Biotite extracted from the gabbro (GA20i9, 16) gave an age of 8-92 m.y., 
indicating contemporaneity with the first rapid surge of activity which pro- 
duced the bulk of the dome. Alkali feldspar extracted from the syenite 
(GA2174, 12) gave an age of 11*8 m.y., apparently 3m.y. older than any 
other igneous rock dated from Akaroa, and also similar in age to the 
earliest Lyttelton Group. However, the syenite is very open textured with 
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numerous drusy cavities, mostly unfiled, indicating that crystallisation 
probably occurred in the presence of a ooosiderabie gas pressure, argon 
undoubtedly a component. Md^xigall has noted widely aberrant intra- 
formatiocial ages from a syenite of similar field occurrence in Reunion. 
Thus, until an independent sample from the Onawe syenite body can be 
obtained and measured, the 11-8 m.y. age must be regarded with suspicion; 
its older age is possibly due to the presence of excess argon (cf . Livmgston 
etal., 1967). 

On the data now available, Akaroa presents a geochronological picture of 
intense volcanic activity about 9*0 m.y. ago, with rapid building to at least 
2,300 ft (700 m, indioted by the Monument, GA2011) above present sea 
level. Activity then waned and some of the basaltic magma slowly cry^stallised 
in the volcano throat to give the gabbro of Onawe (GA2019). Intermittent 
activity continued and a second peak of activit)' occurred between about 
8-5 m.y. and 8 0 m.y. ago, when large volumes of lava were erupted blanket* 
ing the whole southern flank of LyMdton volcano and possibly pouring over 
into its erosloQ caldeca. 

Diamond Harbour Group 

Occurring entirely within the confines of the original Lyttelton volcano 
are isolated areas of olivine basalt of a somewhat more alkaline composi- 
tion. These lavas generally are flat-lying and apparently arc vall^ fills, and 

are clearly younger than the Lyttelton Group. 

Speight (1933) suggested that the lavas seen to have flowed into Diamond 
Haroour (Fig. 1) had a common source (Akaroa) with those of the high 
flat-l^ing lava beds of Mt Herbert. The basaltic lavas on Quail Island he 
cxnsidered to be of local origin and the youngest in age (Speight, 1936). 
Liggett and Gregg (1965), after extensive stratigraphic and petrographic 
investigations, showed that the flows of Diamond Harbour could be traced 
up to the south-east wall of the Lyttelton erosion caldera and indicated local 
points of eruption just to the north of Herbert Peak. They agreed wxdi 
dpeight that lavas of Quail Island were local in origin. Liggett and Gregg 
il9o5) created the Diamond Harbour Group which included olivine basalt 
cropping out: (a) within the Lyttelton erosion caldera at Purau Bay, 
Diamond Harbour, Church Bay, and Quail Island; (b) outside the caldera 
at Halswell Quarry, Ahuriri, Kaituna Valley, and Port Levy Valley (these 
ate indicated in Liggett and Gregg, 1963, fig. D-3). Their subdivision of 
the basalts at Diamond Harbour and Quail Island on the basis of petro- 
graphy, is summarised in Table 4. 

Considerable effort was expended in dating die Diamond Harbour GtOiq> 
to determine, if possible, the probable sources of these lavas. Dates were 
obtained from all of the areas of outcrop of the Diamond Harbour Group 
with the exception of those in Kaituna Valley. The ages are presented in 
Table 3, summarised in Table 6, and discussed individually below. 

(1) Diamond Harbour 

These lavas were shown by Liggett and Gregg (1963, fig. D~3) to extend 

from an altitude of 1,800 ft (550 m) on the south-east erosion caldera wall 
of Lyttelton volcano to bdow sea level at Diamond Harbour and Church Bay. 
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Sample GA2026 (30) from a road cutting in the Church Formation at 
Purau Bay gave an ace of 8-03 m.y., ideadcal to GA202> (29) (torn 
Mt Hedbert (Fig. 1). The oatcrop was cohumiar and massive and in thin 
section the sample was fteth. A sample from the Church Formation of 
suitable freshness for dadng ivas not found in the Church Bay area itself. 

Sample GA2036 (40) was collected from the Kjuoniru Formation over- 
lying the Church Formation in the Church Bay road cutting. This sample 
was fresh and suitable for dating, although in general it is difficult to find 
unaltered rocks from this formation. The indicated age was 6-85 m.y., 
approximately 1 m.y. younger than the underlying Church Formation. 

Four samples were measured from separate localities in the Stoddart, the 
youngest formation of the Diamond Harbour Group; GA2041 (43) near 
sea level at Diamond Haibour; GA2040 (44) from the road cutting at 
Church Bay; GA2038 (42) from a valley side cxposatt approximately 

1'5 miles (2-4 km) south-east of Diamond Harbour at 1,000 ft (300 m) 
altitude; and GA2033 (37) at 1,500 ft (492 m) altitude. GA2041, GA204O, 
GA2038, and GA2033 gave ages of 5 84 m.y., 5 '87 m.y., 6-08 m.y., and 
5*84 m.y. respectively, all in excellent agreement. 

GA2027 (31) was obtained from Castle Rock, a knob standing alongside 
the south side of the Stoddart flows just discussed, and at approximately 
750ft (220m) altihid^ 1 oule ri'6km) south of Cfanich Bay (Fig. l). 
K/Ar dating places the Castle Rooc at 7'99 m.y., very similar to the Churcfa 
Fonnarion and Mt Heff>ect lavas, soggestuig that it IS an etosioiial tcntttaot. 

(2) Quail Island 

Cliffs 200 ft (6l m) high on the north side of Quail Island provide 
excellent exposures of the pre-Kaioruru Formations. Samples GA2029 (33) 
and GA2030 (34) came from massive horizontal ilows on the north side of 
the island and gave ages of 7*73 m^. and 7*51 m.y. respectively. GA2029 
was collected in sHt$ near the base of the lower flow bat GA2030 was from 
a large block which had appaiently fallen from the upper flow. GA2034 
(38) taken from lavas interpreted to have flowed against and buried a 
cli£f cut into the pre-Kaiomm horizontal flows (Liggett and Gregg, 1963) 

Tablb 4— Sufflmary of Liggett and Gregg's Diamood Haifooor Gtoap 

Subdivisions 



Diamond Haifoour 


Quail Island 


Geoefsl Chancterotici 


Stoddart FomiatioQ 


poftJEalcmni 


Abuodant olivine phenociysts wifli less 
commoQ pyroKcne. Imsiilar jointiqg. 


Kaiorura Formatioa 


Kaiorura 


Doleritic groundmass with olivine pheoo- 
ccystB. Irr<;gular jointing. 


Churcfa FormatiOD 


pre4Caionira 


Olivine phenocrysts with less common 
pyroxene and jplagioclase in. fine grained 
groundmass. Columnar jointing in many 
localities. 
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Table 6 — Summary of Ages of Basalts from the Diamond Harbour Group 



Formations of 
Liggett and Gregg 
(1965) 


General Location 


Sample 

MOt 


Age 
Years 


1 


Stoddart 


2*^ miles SF, of Hnrhoiir 
miles S£ of Harbour 
RomI cattifi^ Qiuidi 
Sea Icvd, Duunond Harbour 


2053 
2038 
2040 
2041 


5-84 
6 08 
3-87 
9*84 




Kaioruru 


Road cutting; Church Bay 


2036 


6-8) 




Church 


Road cutting, Purau Bay 


2026 


8-03 




. post-Kaioruru 


Trig HH 


2037 


6-67^ 




Quail Island 


Kaionint 










pre-Kaiouru 


Cliff-hurying lava* 
Island west side 
Uppcr(?) flow NW cliffs 
Lower flow NW cliffs 


2034 
2031 
2030 
2029 


6- 95 

7- 55 
7-51 
7-7 





yielded an a^e of 6'95 m.y. Flat-lying Kaioruru flows can be clearly seen 
to overlie this lava uncooformably in one small area; however, no san^les 
(tf die Kaioruru could be obtained that were suitably fresh for dating. 
OA 2037 (41) from the post-Kaiorum near Tew HH, the highest point 

on the island, was measured in duplicate providing an age of 6-67 m.y. 
This is almost I m.y. older than its suggested Stoddart equivalent at Diamond 
Harbour and Church Bay. This could mean either that the Stoddart Forma- 
tion erupted over a long period of time or, that the Stoddart Formation and 
post^Kaiorura aie dett^ from local centres at independent points in his- 
tory. It should be noted that although we weie unaole to date the Quail 
Island Kaioruni madcec lava, the underlying sample GA2934 dated at 
6*95 m.y., and the overlying post-Kaioruru lava (GA2037) dated at 
6-67 m.y. provide strict limits on its time of eruption, and that these 
narrow limits are in excellent agreement with the 6"85 m.y. age (GA2036) 
obtained from the Kaioruru Formation at Church Bay. One furtiMur sample, 
collected from the west side of the island (GA2031), was isolated by 
surrounding soil cover and could only be identified as pre-Kaioniru. Table 6 
presents a geochronological summary of the Diamond Harbour Qtom^ 
within the Lyttelton erosion caldera. 
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(3) Halswell Quarry 

This area on the west flank of Lytteiton has been described in detail by 
Speight (1924, 1936). Originally this locality was a landmark by virtue of 
a panuutic coae standing approxunatdy 300 it (100 m) above the surround- 
ing area. Years of quarrymg have completely removed the cone and dug 
deep into the spar beneath the cone exposing two periods of volcanic 
activity. Near the present quarry back (west side) columns of a somewhat 
altered basalt are overlain by a thin bed of pyroclastics. Overlying the 
pyroclastics and extending into the eastern quarry section is an olivine 
basalt How, considered on petrographic grounds (Li^ett and Gregg, 
1963) to be part of the Diamond Harbour Group. This basalt is platy, and 
ocQus in large splMvcHdaUy weatibeced Uodb. 

Samples were taken from both the platy olivine basalt (GA2033, 39) 
and the underlying columnar basalt (GA2008, II), giving ages of 6-93 m.y. 
and 8*83 m.y. respectively. The former was fresh and suitable for K/Ar 
dating; however, the latter contained a considerable amount of groundmass 
and mineral alteration. Processing of GA2008 was carried out only to 
provide an indication of minimum age. GA2035, therefore, is definitely 
Dtamood Harbour Group in age (Kaioruru Formation age-equivalent) and 
GA2008 is probably main-phase Lytteiton Group which has since experi- 
cooed some argon loss because of the extensive alteration. 

(4) Ahuriri 

A columnar olivine basalt lava flow forms a prominent, but isolated, 
feature standing about 25 ft (7-6 m) above farm land approximately 200 yd 
(180 m) south of Highway 75 on the south side of Lytteiton volcano 
(Fig. 1). Sj)ei^ht (1924) noted that basalts from this area were petro- 
graphically similar to those of Quail Island and Halswell Quarry. Liggett 
and Gregg (1965) included the Afanriri lava flow within the Diamond 
Harbour Group on the basis of petrography. Sample GA2022 (26) yielded 
an age of 8*18 m.y., indicating that if related to the Diamond Harbour 
Group it stands out as the oldest measured. However, the date is within the 
age range of Akaroa; possibly this lava is a product of Akaroa local activity. 

(5) Pmttvy 

Near the head of Port Levy Valley (Fic. 1) are two large spurs com- 
posed of flat-lying lava flows petrologically very similar to tiie Stoddart 
Fckcmation (Mr K. A. Liggett, pers. comm., 1967). Also the same rock 
type crops out locally toward the valley mouth along the north side near 
sea level. Although Liggett and Gregg (1965, fi^. D-3, p. 14) diagram- 
matically included these rocks in Diamond Harbour Group, no description 
has yet been published. 

Sample GA2039 (43) was collected from the eastern spur and yielded 
an of 6*02 m.y., correlating closely in age with the Stoddart Formation 
at Diamond Hartxwr. The date of this valley fill is important, for, when 
considered with the age of the Mt Evans (Aluiroa) outlier at 8*24 m.y., the 
two provide a man'mum time of about 2*2 m.y. for eroding out the valley 
to something near its present volume. This will be discussed further in a 
later section. 
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Summary and Conclusions 
VolcMnism 

The Banks Peninsula area has been the locus of intermittent volcanism 
of varying intensity of activity for at least the period ranging from middle 
Oligocene (this paper) to early or middle Pliocene. The earliest volcanic 
activity is rq>iesated by the McQufieiis Aadesite at 32*3 m.y., foUowed 
fomewhat later the Gdbbies Rhyoiite. Their voiumes, however, ate 
insignificant when compared with the main dome building volcanfsin of 
Lyttelton and Akaroa. From the isotopic ages presented in this paper, a 
general sequence of events has been reconstructed and is d''snTSiff*n below. 
A summary is presented in Table 7. 

The building of the volcanic shield at Lyttelton began about 12 m.y. ago 
and reached its maximum (reconstructed) height of approximately 5,000 ft 
(1,525 m) about 9*7 m.y. ago; an active period of approximately 2 m.y. 
Akaroa volcano became active about 9 m.y. ago and qmody (0*2-0*3 m.y.) 
built to a height of at least 2,300 ft (700 m), as now represented by the 
Monument (an erosional remnant) on the south-east flank of the Lyttelton 



Tablb 7— GeochroDologkaJ Snminary of Banks PeniosiUa Volamic Bvents 

(Ages ia m.y.) 



Major 
Grouping 


Beginning 


Temiiiiatioo 


Phase 




6-7 


5 -St 


Stoddart FomiattoQ 


Diamond Haibour 
Group 


6-9 


6-8 


Kaioruru Formati(Mi 




8*0 


7-5 


Chturh Fonnatira and pre-Kaiorora 


MtHefbertR^giOD 


8-5 


8-0 


2nd Phase 


Aka'-oa 
' Acthrity 










9-0 


90 


1st Phase 




Akaroa 


9-0* 


8*0t 


I^n Dome 




Lyttelton 




9*Tf 


Main Dome 





♦Oldest measured but probably began somewhat earlier. 
fYoungest measured but probably ended somevhat later. 
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I volcano. Akaroa activity, although fairly coatinuous dsewhere, appean to 
I have vi^aned in the soudi Lytteltoa region, until a resurgence of activity 
I occurred between 8*5 m.y. and 8*0 m.y. ago. These lavas blanketed much 
! of the south-eastern flank of Lyttelton, and from the 8-0 m.y. dates obtained 
on the Purau Bay (GA2026, 30) and Castle Rock (GA2027, 31) lavas of 
the Diamond Harbour Group it is deduced that the younger Mt Herbert 
lavas may have overtopped the south-east rim of the already eroded Lyttelton 
oddera and flowed normward into Diamond Harbour. 

It is not dear whether the pre-Kaioruru Formation basalts of the Diamond 
Ibibour Group on Quail island in Lyttdton caldera that give slightly 
younger ages of 7*7 m.y. and 7*5 m.y. (GA2029, 33; GA2030, 34) are 
similarly related to the Mt Hefbert flows or whether they were erupted from 

local vents. 

' The Kaioniru Formation of the Diamond Harbour Group was erupted 
6-8 m y. ago on to an erosional surface cut into the older Diamond Harbour 
Group basalts. On Quail Island the flows immediately preceding and follow- 
ing the defined Kaioniru Formation basalt give essentially the same age. 
The younger flow at Halswell quarry on die nocdi-west flank of Lyttdton 
was also erupted at tibus time. Outpouring of the Stoddart Formation olivine 
basalts of the Diamond Harbour Group brought volcanism to a dose on 
Banks Peninsula about 5*8 m.y. ago. The Kaioruru and younger flows were 
produced from localised vents. 

In general, the ages presented in this paper support the conclusions made 
by previous workers concerning the relative time sequence of volcanic events, 
the chief difference being the considerably older overall age which places 
the initiation of main volcanism in the late Miocene and termination of 
I activity about middle Pliocene. 

I Erosion 

Physical overlap of the volcanic centres has placed age limits on stages of 
i erosion such that some comment can be made regarding rates of dissection. 

! The trachyte dike (GA2007) high on the north rim of Lyttelton vol- 
cano -was probably injected near tlie end of Lyttelton activity (Speight, 
1936), its position and orientation suggesting that little erosion had taken 
place by 9*7 m.y. ago. Across Lyttdton Harbour, Church Formation flows at 
Purau Bay (GA2026) dated at S O m.y. indicated Aat erosion of Lyttdton 
levd occurred within the period of about 1*7 ± 0*5 m.y,, forming an ero- 
sional caldera more than 11 miles long. Further, erosion of Akaroa and 
Lyttelton lavas suflicient to produce a valley the size of the present Port Levy 
valley occurred between 8*24 m.y. and 6*02 m.y. ; this is indicated by the 
Mt Bvans outlier (GA2018) of Akaroa age and the Port Levy valley-£ll 
kvBS of the Diamond Harfowir Grou^. Thus» Miocene Lyttdton and Akaroa 
etosioii rates are probably roughly comparable in allowing marked shidd 
dfisecrioQ over a period of about 2 ffl.y. 

Taking 1*7 m.y. ±0*5 m.y. as the length of time for maximum erosion 
of 4,000 ft (1,200 m) depth, the rate of denudation of Lyttelton volcano 
calculates to about 28 m (70 cm) 1,000 yr, a rather high rate of removal, 
roughly comparable to Papua (Ruxton and McDoug^, 1967). Speight 
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(1924) noted, howarer, that on the Lyttdton Suountt load the pytodastics 
coostitiite two-diirds of the erupted material. This, combined with Ing^ 
lelief , would facilitate a hi^ rate of denudation. 

The amount of erosion which both Lyttelton and Akaroa suffered within 

a period of 1-5 m y. - 2-0 m.y. in the late Miocene - early Pliocene, seems to 
contrast sharply with the relatively small degree of erosion which has appar- 
ently occurred on the Peninsula since the end of volcanism, almost 6 m.y. ago. 
Neither Lyttelton Harbour nor Port Levy valley ap^eax much larger now, 
than idata thar were invaded by lava flows from tneir neighbouring centres 
of eruption. Two possible explanations can be offered; (1) the climate of 
the late Miocene had much higher rainfall than that of the Pliocene and 
Pleistocene or (2) a considerable rise in relative sea !e\el occurred which 
greatly reduced the amount of stream energy available for wider dissection. 
The first suggestion is difficult to evaluate but definite evidence for the second 
exists in the form of cores from wells drilled near Christchurch. These 
wdls intersected layers of peat down to 450 ft (137 m) below sea level 
before striking Lyttelton lavas more than 700 ft (224 m) below sea level 
(Speight, 1943). Relative sea level may have risen, therefore, some 700 ft. 
Whether this was due to a real sea Ie\'el rise or to subsidence o£ the 
volcanoes after cessation of eruption is not known. 

Kittkoura Orogeny 

The Kaikoura Orogeny formed the Alpine mountains and is considered 
to have readied its climax shor^ after the onset of the first climatic 
deterioration in the late Cenozoic. 'Riis was recognised by Gage (1961) who 

showed that glacial till is steeply folded in the Ross area of Westland, 
South Island. Dating of basalts, interpreted to have erupted just after the 
first cooling, indicates that this cooling occurred about 2*5 m.y. ago (Stipp, 
Chappell, and McDougall, 1967; Mathews and Curtis, 1966), thus indicat- 
ir^ the Kaikoura climax was more recent than 2 5 m.y. ago. The absence 
of folding in Banks Peninsula is presumably related to its positkm on the 
west end of the Chatham Rise (Liggett and Gregg, 1963); the volcanoes 
were either close to, but structurally separated from, the line of folding or 
they acted as a competent mass. Volcanism had apparently ceased about 
4 m.y. before the climax of the Kaikoura Orogeny. 

Whole Rock Dafmg 

The usefulness of whole rock lava for K/Ar dating has been further 
demonstrated in this study, by the consistency of the results. Further, the 
several measurements made on the Diamond Harbour Group show tiuit 
geological mi^ping can be successfully carried out through geochrooology 
using carefully sdected samples. However, it is an eiq>ensive mediod. 
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Appendix 



SAMPLE DESCRIPTIONS AND LOCALITIES 



1 GA2001* 

2 GA2002 

3 GA2003 

4 GA2004 

5 GA2003 

6 GA2006 

7 GA2007 

8 GA2178 

9 GA2I77 



Andesite, S84/012345t, Thompsons Spur in McQuccns Valley. Abund- 
ant phenocrysts of piagiociase and pyroxene are set m a grou«.J'i.a>j o« 
fine t^s^i^ plagiodase and pyroxene witfi interstitial ^ass. All com- 
ponents fresh, and glass isotropic. 

Basalt, S84/991384, 1-5 miles nt^rth of junction of Gd)hics P.iss on 
Summit Road. Abundant olivine and pyroxene phenocrysts set in a 
holoon^stalline groundmass of plagioclase, pyroxene, and iron oxide. 
Occasional amygdaloidai material. 

Basaltic andesite, S84/107482, Lytteltnn Harbour qunrn,- about 
1'5 miles east of Lyttelton, petrographically similar to GA2002 but 
considerable green ddoritic materiaf and altered divine. 

Basalt, S84/075491. Road cutting on Summit Road oretlooldng Christ- 
church just above railway turmeT entrance. Similar to GA2002. 

Andesite, S84/107482, same location as GA2003 except that it is from 
a higher flow. Holocrystalline and fine grained. Occasional completely 
alteied olivine and some greenish infilling. 

Andesite^ S84/155433. Just below Akaroa outlier cimtact on Mount 
Evans (approx. 100ft lower than GA2018): plagioclase, pyroxene, 

and (»ccasional olivine, all fresh. 

Trachyte, S84/067484. Vertical dike on Summit Road near Bridle 
Fadi above tunnel; rare large phenocrysts of alkali fddspar in holo- 
crystalline trachytic groundmass of feldspar. Fresh. 

Trachyandesite, S84/071487. Lyttelton tunnel flow 4,100 ft from 
Heathcote portal. Submitted by Mr S. Nathan. Fresh plagiiKlase latlis 
in trachytic groundmass with moderate alteration. Minimum age only. 

Basalt, S84/068498, lyttelton tunnel, 580 ft from Heathcote portal. 
Submitted by Mr S. Nathan. Fresh rocks with small areas of chloritic 
material. 



*GA is the laboratory sample nund>er prefix. ' 

tCrid reference based on the sheet districts of the 1:63,360 topographical map series 
(NZMS 1) and the national thousand-yard grid shown on this series. 
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11 GA2008 Basalt, S84/932476. Massive columnar section in back of Halswell 

quany. StratigraphicalJjr hdaw GA203S. Considerable aiteradaii of 

groundmass. Minimum age only. 

12 GA2I74 Syenite (K-feldspar), S94/234260. Near south end of Onawe Penin- 

sula, west side. Open textured rock widi commoo drusy cavities. 
Fairly widespread aiteratioa tfiroq^Kmt the feldspars. 

13 GA2009 Basalt, S94/240215. Outcrops on Wainui Headland at sea level. 

Stratigraphically some of lowest rocks sampled. No olivine, plagioclase 
fresh. Considerable greenirii diiorittc material associated widt about 
10% of the pyroxenes. Considerable calcite is present. Argon extraction 
required aliquotiog technique to handle the large amount of CQa gen- 
erated from me calcite Minimum age only. 

14 GA2010 Basaltic andesite, S84/227368. Small abandoned quarry on road at head 

of Pigeon fiay, 10 ft above sea levd. HoloctystaUine. Fine gcained, 

fresh. 

13 GA201I Basalt, S84/122382. Boulder from talus at base of Monument on 
Puraa - Port Levy road. Holocrystalline and f rerii. 

16 GA2019 Gabbro (biotite), S94/233262, from west side of Onawe Peninsula. 

17 GA2012 Basalt, S94/1 36232. Road cut on Kinloch road between Little River 

and Wainui. Altitude 1,100 ft. Similar |>etrographically to CA2010. 
Ooasional diloritic material associated with tne pyroxenes. In general 

fresh. 

18 GA2013 Basalt, 894/008263. Highway 75 road cutting near Lake Ellesmere. 

Slightly vesicular. Holocrystalline, fresh plagioclase and pyroxene. 
Olivine completdy iddingsitised. 

19 GA2014 Basaltic andesite, S84/110555. One-quarter mile south-cast of Trig ZZ. 

Fresh plagioclase, lesser pyroxene, and rare olivines. 

20 GA2013 Basalt, S94/240233. Small quarry on Wainui road. Material possibly 

from a dike. 300 ft altitude. Holocrystalline; plagioclase, pyroxene, and 
olivine fresh. 

21 GA2016 Basaltic andesite, S85 pt 895/365373. Road cutting between Okains 

Bay and Little Akaloa. Holocr>'Stalline, fine grained and fresh. 

22 GA2017 Basaltic andesite, S94/032242. Large road cutting on Highway 75 

beside Kaituna Lagoon. All minerals tresh. 

23 GA2018 Basalt, S84/1 55435. Near base of Akaroa outlier on Mt Evans, alti- 

tude 1,000 ft. All minerals, including olivine, fresh. 

24 GA2020 Basalt, S84/108357. 200 yd south-east of Trig ZZ, Herbert Peak area. 

Plagioclase ccystds show piefened orientation. All minerals fresh. 

25 6A2021 Basalt; 894/292171. Road cutting on Lifijithomse Road on east rim of 

Akaroa. Altitude 2,000 ft. Olivine, plagioclase, and pyroxene fresh. 

26 GA2022 Basalt, 884/938343. Ahuriri— knob of columnar basalt standing in 

paddock, 200 m south of Highway 75. Abvuidant large phenociysts of 
olivine in fine grained boloccystalline groundmass ot fuagioclase ai^ 
pyroxene. Fresh. 

27 GA2023 Basaltic andesite, S84/092367. 60 ft above cliff forming ridge between 

Mt Herbert and Herbert Peak. Rare olivine. Fine grained equigranular. 
Fresh. 

28 GA2024 Basalt, 885 pt 895/351293. Road cutting between Le Bons Bay and 

Okains Bay. Altitude 1,500 ft. No olivine. Considerable an^gdaloidal 
infilling. In fenr places plagioclase is slightly altered. 

29 GA2025 Basalt,S84/072358. Next to top flow of MtHefbert Altitude 2.590 ft 

Holocrystalline and equigranular with abundant olivine. Very fresh. 

30 GA2026 Basalt, 884/099433. Road cutting south-west side of Purau Bay. Alti- 

tude 20 ft. Columnarly jointed. Holocrystalline. Flow oriented plagio- 
clase. Olivine uncommon. Pb^odase predominant and haih, Oraidi 
Formattoo. 
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31 GA2027 

32 GA2028 

33 GA2029 

34 GA2030 



35 GA2031 

36 GA2032 

37 GA2033 
37 GA2034 

39 GA203$ 

40 GA2036 

41 GA2037 

42 GA2038 

43 GA2039 

44 GA2040 

43 GA2041 



Basaltic andesite, S84/077419. Casde Rode, standing along south-west 
side of Diamond Harhour Group flows near Trig II. Strongly jointed. 
Abundant plagnKlase, lesser pyroxene and uncommon olivine. Fresh. 

Andesite, S94/132210. Te Oka road cutting near junction with 
Kinloch road. Altitude 1.800-1,900 ft. Abundant flow oriented plagio- 
clase and intersertal pyroxene and uncommon olivine. Fresh. 

Basalt, S84/0')4445. Near base of lower massive, columnar, horizontal 
flow of Quail Island north-west cliff face. Fresh plagioclase, pyroxene, 
and olivine. Occasional small areas of devitrified glass in groundmass. 

Pre-Kaioruru Formation. 

Basalt, SH4/055444. Similar to GA2029 except from very large bloik 
fallen from one of the two horizontal Hows (apparently the upper;. 
Abundant unaltered phenocrystic olivine. Fixsh pU^'oclase and 
pyroxene. Few small areas of devitrified glass in groundmass. Pre- 
Kaioruru Formation. 

Basalt, S84/047446. North-west side of Quail Island, isolated columnar 
jointed cliflf exposure. Common very large, partiy altered, pyroxene 
phenocrysts. Considerable fresh glass in groundinass. Pre-Kaioruru 

Formation. 

Basalt, S84/047400. North end of Tableland Spur, urptrmost flow. 
Altitude 940 ft Randomly oriented phenocrysts of plagioclast. pyroxene, 
and olivines set in a fine grained groundmass of plagioclase and 
pyroxene. Fresh, but occasional amygdaloidal infilling. 

Basalt, 884/ 088-102. Prominent feature on spur leading 2-5 miles of 
Diamond Harbour at l,)00ft (492 m) altitude. Fresh and hdo- 

cr>'stalline. 

Basalt, S84/038443. Flow buiving a cliff cut into flows of GA2029 
GA2030. Large phenocrysts or olivine. All minerals fresh but some 
areas of devitrified ^ass in groundmass. Pxe-Kaiorutu Foonatioa. 

Basalt, S84/952476. Near tlie entrance of Halswell quarry. Platy 
jointing. Stratigaphically overlies columnar basalt GA3008. Fresh. 

Basalt, S84/078438. Kaioruru Formation from road cutting at Church 
Bay. Almost doleritic texture; findy vesicular. Holociystalline and 
fresh. Kaioruru Formation. 

Basalt. SS4/050442. From Post Kaioruru Formation at Trig HH, the 
highest point on Quail Island. Holocrystallinc with all minerals fresh. 

Basalt, 884/090415. Prominent bluff on left side of creek leading down 
to Diamond Harbour. Altitude 1,000ft Fresh widi only mincw 
iddingsitisation of olivines. Stoddart Formation. 

Basalt, 884/170100. North end of cast spur in Port Levy Valley. 
Similar to GA2037 in mineralogy and texture. Very fresh except for 
incipient iddingsitisation of divine. Stoddart Formation. 

Basalt, S84/079433. Road cutting on east side of Church Bay. Typical 

Stoddart Formation. Holocrystalline and fresh. 

Basalt, 884/091 44 *>. Diamond Harbour at sea level. Pctrographicallv 
similar to GA2040, but finer grained and olivine mostly iddingsitised. 
Stoddart Formation. 
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STRATIGRAPHY OF HUTCHINSONIAN AND 
AWAMOAN STAGES (LOWER MIOCENE) 
AT TARGET GULLY, OAMARU, 
NEW ZEALAND 

G. H. Scott 

New Zealand Geological Survey, Department of Scientific and Industrial 

Research, Lower Hutt 

(Kteehed far publka$i(m 23 May 1968) 
Abstract 

Globiger'moides trilobus trilobus (Reuss) and Globofotalia zealandica zealandica 
Hornibrook, previously considered to appear in the Awamoan Stage, are reported from 
Hutchinsonian beds at Target Gully, Oamaru. Trends in the lineages of Haeuslerella 
pukestriensis Parr and Globigerinoides trilobus trilobus (Reuss) are used to estimate 
relationships between the sequence at Target Gully and the name bearers of Otaian, 
Hutchinsonian, and Awamoan Stages. The "Pachymagas" shellbed at Hutchinson's 
Quarry lies at, or slightly above the Otaian-Hutchinsonian boundary; higher xmits of 
the Hutchinsonian are present at Target Gully. The name bearer for the Awamoan 
Stage may correlate widi beds beneath Target Gully Shellbed, the base of the stage 
by original designation. 

Introduction 

The shellbed at Target Gully, Oamaru (Marshall and Uttlqr, 1915; 
Gage, 1959), is famous for its molluscan assemblage; its significance in 
middle Tertiary stratigraphy, due to its designation as base (tf the Awamoan 
Stage by Thomson (1916), has been neglected since the revision by Allan 
(1933). Dev^elopment of the foraminiferal biostratigraphy of the Hutchin- 
sonian and Awamoan Stages of Thomson by Finlay and Marwick (1940, 
1947) was based on faunas from the implied name-bearing localities 
(Hutchinson's Quarry and Awamoa Creek). At neither locality is super- 
position of the two stages demonstrable. This leaves open the question c» the 
relation of foraminiferal criteria for the stages to the Hutch insonian- 
Awamoan boundary originally set by Thomson. In this respect the sequence 
beneath the shellbed at Target Gully is critical. 

This paper records the sequence seen in a shallow channel excavated in 
May 1966, and the ranges of index Foraminifera. Trends in the fora- 
miniferal lineages of Haeuslerella pukettriensis Parr and Globigerinoides 
trilohus trilobus (Reuss) are used to correlate the section with name bearers 
for Otaian, Hutchinsonian, and Awamoan Stages. 

LiTHOSTRATIGRAPHY 

Park (1918, fig. 35) recorded the section (^see Table 1) in Target Gully 
near the Town Belt. 

The column in Fig. 1 elucidates (b) of Park's section and applies the 
lithostratigraphic nomenclature of Gage (1957). Weathered tu£Fs (Deborah 
Volcanic Formation) are succeeded by a thin bed of rubbly semi-crystalline 
limestone (? McDonald Limestone). Park's unit (b) and the lower part 

N.Z. // Geol. Geophys. 11 : 1261-70 



1262 N2. Journal OF Gbology AND Gbofhysics Vol.11 

Table 1 — Section in Target Gully, Netr the Town 
Beit. Oamaru, Recorded by Park (1918, fig. 33) 

Top (ft) 

Surface clays and erayds 
6-0 Target Gully Shel£ed 

2'0-4*0 Hard yellowish brown plauconitic sandstone 
Soft ^'lauconitic sandstone fossiliferous 
Obscured 

Weil bedded olive green tufFs 

Bottom 



of (c) represent Gee Greensand. Basaltic conglomerate (Ardgowan Con- 
glomerate) and the "Pachyma^^as" bed, prominent basal units of this forma- 
tion at Hutchinson's Quarry, 0-5 mile to the south, were not observed. The 
transition from Gee Greensand to Rifle Butts Formation is gradatiooal. 
In the field the boundary was placed 10-12 ft below the base of Target 
Gully Shellbed. This was checked by laborator)' analysis of glauconite content 
of both formations: the transition seen in the field corresponds to a zone in 
which glauconite declines to less than 10% by weight of the fraction held 
on a sieve with 0'076 mm opening (Fig. 1). Comparable results were 
obtained for samples from the Gee Greensand - Rifle Butts Formation coq> 
tact at "Old Rifle Butts", type locality of the latter unit. Beds above Target 
Gully Shellbed are deeply weathered: lower horizons of Park's (f) may 
belong to Rifle Butts Formation. 

Ranges of Awamoan Index Foraminifera 

Hornibrook (1939) cited species that define the boundary between 

Hutchinsonian and Awamoan Stages according to the implicit revision by 
Finlay and Marwidc (1947). The Awamoan was recognised by the first 

appearances of : 

Globorotalia miozea Finlay "small and atypical" (= G. praescitula 
Blow) 

G. cf. miocenica Palmer (= G. zealandica zealandicu Hornibrook) 

Glohigerinoides trilobtis (Renss) 

Loxosfomttm n. ap. (= L. pakMtrmgitnse Hornibrook) 

Subsequently Hornibrook (1961) reported GhborotdU mioxea (small 
var.) from Gee Greensand at Hutchinson's (Quarry (S136/819), name- 
bearer for Hutchinsonian and Loxostomum pakaurangiense from Otaian 
strata in Northland (N18/569). Glohigerinoides trilohus trilohus and 
Globorotalia zealandica zealandica are present at the name-bearing locality 
for Awamoan Stage (Awamoa Creek). They have been used as criteria for, 
or correlation with Awamoan by Geiger (1962), Jenkins (1967), and 
Walters (1965) ; see also Scott (1968). 

Fig. 1 — Stratigraphic column for sequence below Target Gully Shellbed, Oamaru 
(Sl3()/539678. prov. edition 1943). Glauconite percentages refer to amount 
extracted (by Franz separator) from fraction of disaggregated sample held on 
sieve with opening of 0-076 mm. The trace for samples from section at "Old 
Rifle Dufts" (same scale) shows change across Gee Greensand : Rifle Butts 
Formation boundary set by Gage (1957). 
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Target Gully SheUbed is the btsal homon of the Awamoan Stage by 
original designatioQ (Thomsoo, 1916). The sequence beneath this bed 
enables the ranges of Awamoan index species to be checked against 
Thomson's Hutchinsonian- Awamoan boundary. Because of inadequate 
exposures and lack of explicit stratal definition this is not possible at the 
name-bearing localities. 

Globigerinoides trilobus trilobus appears to arise from G. Irtlobus 
altiaperturus\ the branching process is shown by changes in distrflxitioa 
the ratio of height/width of the primary aperture. Populations with a single 
mode (broadly elliptical aperture) are followed by those with a bimodal 
distribution, or at least a shift towards lower values of the ratio (low, 
elongate aperture). This pattern has been noted in Northland, Ne\^' Zealand, 
Trinidad, and in south-western France (Scott, in press). The lowest record 
of the lineage in Target Gully section is Si36/i015, 1 •5-2-0 ft above the 
base of Gee Greensand. Here, the shape of primary aperture is variable but 
the sample is inadequate to show divergence of G. triloous trilobus. However, 
this is demonstrated in the succeeding sample, S136/1104 (Fig. 2, histo- 
gram). Here the marked primar)' mode represents specimens with low 
aperture {G. tr/loh//s Irilohiis) and the secondary mode those with high aper- 
tures {G. trilobus altiaperturus) . Si 36 '1104 is taken as the lowest definite 
record of G. trilobus trilobus (Figs. 3, 4) in the section. This identificatiofi 
views G. trilobus trilobus as a population arising by a shift of modal varia- 
tion in shape of the primary aperture. Antecedent populations may have a 
few specimens, near the lower tail of the distribution, that could be 
identified, by morphotype, as G. trilobus trilobus. 

Similarly, the lowest record of Globorotjlra zealcwdica zectlaudica 
(Si 36/1016, Figs. 5, 6) marks a point in gradational and changing popu- 
lations. At this level variation in chamber arrangement and ventral intlation 
of the test is judged, qualitatively, to overlap with that seen in populations 
from Rifle Butts Formation from which the species was described (Si 37/499, 
Pukeuri, Oamaru). The population in Si 36/1016 may be less advanced 
than that in Si 37/499. 

The basal horizon (8136/1103) of the Gee Greensand is Otaian 
(Hbrenher^ifja of the healyi, w/lletti, marwicki group and Haeuslerella 
pukeuriens/s lineage). Si 36 1015, 1 ft higher, is probably still Otaian as 
judged by the H. pukeuriensis lineage, whereas the population in Si 36 1 104, 
3 ft above Si 36 '1015 is post-Otaian and possibly more advanced than that 



FiCf. 2 — Target Gully section: histograms show distrihution of height/width ratios 
for primary' aperture, Globigerinoides Irilohtn lincai;c in b.i.sal horizons of Gee 
Greensand. The primary mode in S136/1104 represents G. t. trilobMS. Means 
and 95^^ confidence limits are shown (on left) for trend towards increase in 
rate of chamber expansion in G. t. trilobus (G. t. altiapertnrus excluded according 
to distribution of height/width ratios for primary aperture). Only specimens with 
intact final chamber and in which the diameters of the last three chambers 
(Dn-2, Dn-1, Dn) obey the relation Dn > Dn-1 > Dn-2 are included. Values 
are shown as logio C(^mmon ratio. Position of measurements is shown in Scott 
(1966, fig. 3). In the trend townrds uniserial chambering in Haeu^lercllj 
pukeuriensis lineage (right) "terminal phase" refers to stabilisation of trend : mean 
values 0-60-0 -66. Results for Awamoa Creek (both lineages) and Hutchinson's, 
Quarry {Haeuslenlla) shown for comparison. 
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from immediately above the "Pachymagas" bed at Hutchinson's Quarry. 
The lowest record of Globorotalia praescitula in Target Gully section is in 
Si 36/1104 (Figs. 7, 8). 

As subsequent workers have not modified Thomson's placement of the 
Hutchinson ian-Awamoan boundary at the base of Target Gully Shellbed, 
these data lead to rejection of remaining foraminiferal criteria for its recog- 
nition elsewhere. However, it may be argued that the names "Hutchinsonian" 
and "Awamoan" are available for use with new faunal criteria provided 
that name-bearing localities and definitional horizons (e.g., Target Gully 
Shellbed) fall within the revised stage concepts and that homotaxy with 
adjacent stages is satisfied. Stratigraphic relationships of horizons of nomen- 
clatural importance are now examined. 




R. C. Brazier del. 

Figs. 3, A—Globiger'nwides trilobus tr'ilobus (Reuss). S136/I104, Target Gully. N.Z.G.S. 

Cat. No. FP2026, FP2027. 

Figs. 5, 6 — Globorotalia zcalatulica zealanJica Hornibrook. S136/1016, Target Gully. N.Z.G.S. 

Git. No. FF202 5. 

Figs. 7, ^—Globorotalia praeuilula Blow. Si 36/ 1104. Tarqet Gully. N.Z.G.S. Cat. No. FP2024. 

(all X 110) 
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Relation between Otaian and Hutchinsonian Name-Bearers 

Scott (I963) considered that the tread towards uniserial chamber arrange- 
ment in Haeuslerella was more advanced in populations from Hutchinson's 
Quarr}- than in a sample from uppermost Otaian at the name-bearing locality, 
Bluecliffs, South Canterbury (Si 19/506). This result was based on pooled 
samples from several horizons in the quarry and retired testing against 
localised coUections. To avoid the sedimentary complexity of the quarry face 
(Gage, 1957, p. 84) excavatioas were made a few yards to the south-east. 
Heie^ Ardgowan Conglomerate is overlain by 14 ft of greensand (Eden 
Greensand Member, Fig. 9) Haeuslerellas are common only in an horizon 
7 ft above the base of this member (S136/1012), immediately above a 
well defined brachiopod shellbed, here called, informally, the "Pachy- 
magas" shellbed. Use of the ai-model (Scott, 1965) to compare this 
population (M» — 0*338) with S119/306 (M«> = 0*523) indicates that 
the difference between means may be due to random fluctuations in 
sampling (/ = l*6l4, 0*2 > P > Chi). As significant advance towards uni- 
serial chambering in Si 36/1012 over S119/506 cannot be demonstrated it 
appears that the top of the "Pachymagas" shellbed correlates with, or is 
very slightly higher than the upper Otaian boundary at Blueclitfs. Si 36/821 
(entered in N.Z. Geological Survey register of foraminiferal collections as 
"type Hutchinsonian greensands, with typical brachiopods . . . obtained by 
digging into bonk") may be a collection from the "Pachymagaf' shellbed; 
the sample mean (Afw — 0*532) approadmates that for S136/1012. Other 
samples pooled by Scott (1965) have slightly higher sample means and 
appear to come from the face of the quarry. However, the sample with the 
highest value (S136/819, Afco = 0*562 "soft conglomerate matrix probably 
associated with the hard limestone") cannot be shown to differ significantly 
from S136/1012 (/ = 1-538, 0*2 > P > 0*1). The only record of Ghbtfro- 
folia praescHula item Hutchinson's Quarry is in S136/819 (Homihrook, 
1961). 

The "Pachymagaf* shellbed was not recognised in Target Gully section; 
beds equivalent to uppermost Otaian and the shellbed, as judged by the 
sequence of populations of Haeuslerella (Fig. 2) are either condensed into 
the interval between S136/1015 and S136/1104, or missing. No evidence of 
disconformity was seen in the field. 



Relation between Hutchinsonian and Awamoan Name-Bearers 

Two populations of Haeuslerella were examined from Awamoa Creek: 
S136/952 is from the mouth of the creek, immediately below a hard con- 
cretionary horizon, and Si 36/818 is located 10-15 chains upstream from the 

mouth. The trend towards imiserial chamber arrangement is markedly more 
advanced in both samples (Si 36/552, Moi = 0-646 ; Si 36/8 18, Mo> = 0-616) 
than in populations from Hutchinson's Quarry (Fig. 9 shows the com- 
parison with Si 36/101 2) and suggests that the localities are sttatigraphically 
distinct. The difference between the mean values for samples from AwanKM 
Creek is highly significant (/ = 3-549, 0*01 > P) but may not indicate 
stratigcaphic disparity: in the terminal phase of the trend, mean values have 



Copyrighted material 



1268 



N2. JOUKNAL OF GbOLOGY AND GSOPRVSICS 



Vol. 11 




HUTCHINSON'S QUARRY. S E. OF FACE 




(100) 




I 




DARK GREENSANO. WEATHERH> 
TOWARDS TOP KARE BIVALVES 



"FACHrfMOtS" SHELLBCD 
GRONSANO MATRIX 
RAM BIVALVES 



GREENSANO. RARE BRACHOfOOS 
DISCONTINUOUS CEMENT LAYER 

GREENSAND. SCATTERED 

BIVALVES. BRACHIOPODS 

GRADES INTO 
CALCAREOUS SANDSTONE. 

COMMINUTED SHEl L«. 

BRACHIOPODS COMMON 
ARDGOWAN 

CONGLOMERATE 




Fig. 9 — SttRtigraphic column for Hutchinson's Ouariy, Oamam, south-east of (]uariy 
face (Si 36/538666, prov. edition 1943). Mean and 95% confidence limits for 
Mw, inclex of trend towards uniserial chambers in Ihvicslcrella pukturiensh 
lineage (Scott, 1965) shown for sample from top of "Pachymagas" bed. Popula- 
tions from uppermost Otaian (BiueclifTs) and rrom Awamoa Creek shown 
comparison. Size of sample shown in brackets. 
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been found to fluctuate within the range 0-60-0-66. It is unknown whether 
this faithfully retlects the pattern of variation in the lineage or indicates 
a defect in the model used to estimate progress towards uniserial chambering. 

Relation BETWiiiiN Awamoan Name-Bbarbr and Target Gully 

Shbllbed 

Increase m rate of chamber expansion, estimated by the common ratio of 
the geometric series for diameter of the antepenultimate and final chambers, 
is a major trend in Globigerinoides trilobus trUobus after its divergence 
from G. trilobus altiaperturus. Details of measurements are given by Scott 
(1966). Figure 2 shows that, in terms of this trend, primitive populations 
occur in Targ^ Gully section from S136/1104 to S136/1017 (Gee Green- 
sand) : there is no appreciable increase in mean values. More advanced 
populations occur in samples from Kitie Butts formation beneath Target 
Gully Shellbed. 

Mean values of the common ratio in Si 36/552 and Si 36/818, Awamoa 
Creek, are identical (compare result for Haeuslerella lineage). The pooled 
valne compares with those from Gee Greensand at Target Gully rather than 
with S136/1110 and S136/1111 from Rifle Butts Formation (Fig. 2). The 
significant difference between mean values for S136/1111, 2 ft below Target 
Gully Shellbed, and the Awamoa Creek sample suggests that the horizons 
at the Awamoan name-bearer correlate with beds below the surface that 
Thomson designated as base of the Awamoan Stage. 

This result can only be partially checked by the trend towards uniserial 
chambering in Haeitslerella. Populations from Tar/,'et Gully Shellbed and 
Awamoa Creek are at the terminal phase of the trend {Mta ^ 0*60) ; this 
may also apply to S136/1017, 3 ft odow top of Gee Greensand in Target 
Golly section {M^ = 0*588, /o-os^ (Mm) = 0*026) but lower samples appear 
not to have reached this phase. Stratigraphically, this suggests that the 
horizons at Awamoa Creek are unlikely to correlate with beds at Target 
GuUy below S136/1017. 

Conclusion 

Planktonic Foraminifera used to distinguish Awamoan from Hutchin- 
sonian in terms of the stage revision by Finlay and Marwick (1947) occur 
I beneath the bed designated as basal Awamoan by Thomson. Awamoan 
correlations based on the presence of Globi^erinoides trilobus trilobus, 
Glohorotalia zealandica xeaUmdicaf or G, praescttula are suspect. 

The sequential relation of Otaian and Hutchinsonian name-bearers, 
implied by Finlay and Marwick (1947) is confirmed. Strata at Awamoa 
Creek are considered to be stratigraphically superior to those at Hutchins<Mi's 
(Quarry but not necessarily to the shellbed at Target Gully. 
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Letter to the Editor 

LOESS DEPOSITS AND GLEYED HORIZONS IN OKARITO 
SOILS OF NORTH AND SOUTH WESTLAND 

Sir, 

This letter is prompted by a recent paper by Young (1967), dealing 
with loess deposits of the west coast of the South Island of New Zealand. 
During the course of extensive field and laboratory investigations of soils 
in the Franz Josef region, including soils near Okarito in south Westland, 
the writer has formed some impressions which may supplement Young's 
observations. 

In his paper (p. 650) Young stated, with reference to depositional sur- 
faces formed during the Otira Glaciation in north Westland, that (a) the 
distribution of loess on K2(i) terraces is very restricted; (h) no loess occurs 
on K2(2) surfaces at Nelson Creek, the Ahaura Plain, and near Kiunara 
Junction;* (c) no loess has been recognised on terraces formed during or 
since the K3 advances of the Otira Gladation; and (^) loess has not been 
recognised <mi any surface south from lake Mapourika, because there are no 
visible pre-Otira Glaciation terraces landward of the present coastline in this 
area. Okarito and Waiuta soils have developed within loess capping K2(i) 
terraces in north Westland, and ". . . the association of thick loess deposits 
with the Okarito and Waiuta soils of the high terraces is clearly established" 
(p. 657). However, Young also stated that the presence of 1-6 ft of loess 
was not the only, or in some cases even the major, cause of the formatkn 
of gleyed soils. The intention of this letter is to describe some features of 
gleyed horizons within Okarito soils in the type area in south Westland, 
which has no loess. 

Many soils widiin a few miles east of Okarito township broadly resemble 
the Okarito fine sandy loam described by Gibbs et al. (1950) and/or the 
Okarito peat)' loam reported by Wells (1962) and Gibbs (1964), both of 
which were developed within loess-capped fluvioglacial terraces near Hoki- 
tika {see fig. 4 in Gibbs, 1964). On the other hand, Okarito soils west of 
Ldce Mapourika have developed within approximately 3 ft of moderately 
compact ablation moraine overlying an esctramely compact basal till. Below 
the soil profile the contact between the moraine and till is commonly sharp 
and cemented by a thick continuous iron pan. None of the four criteria used 
by Young to characterise the loess deposits of north Westland (p. 648) 
applies to blue-grey sandy loam gleyed horizons within Okarito soils near 
Okarito in south Westland. For instance, such horizons are not of uniform 
thickness, and do not conform to the topography of the underlying gravels. 
Soil catenas very similar to those described by Crampton (1965) are common 
in the undulating moraine-and-kettle topography near Okarito, providing 
strong evM'dence that var^'ing thicknesses of gleyed horizons are related to 
topographic position and pedogenetic processes, rather than to layers of 



*A misprint on p. 650 of Young's paper attributes these surfaces to the K2^^y glacial 
advance. 

N.Z. Jl Gtol Geophys. 11 : 1271-3 ^ 



Copyrighted material 



1272 N^. Journal of Gholooy and Gjiophysics Vol.11 

loess. Slopes steeper than about 10° rarely exhibit blue-grey sandy ioaiii 
gleyed horizons near the surface, while areas of low relief in valleys or on 
plateaux usually have gleyed horizons of considerable thickness underlying 
a metre or more of peat. The horizons commonly contain rounded quartz 

pebbles up to 3 cm in longest dimension, and many scattered quartz chips 
about 1 cm in length, presumably weathered from stones and boulders of 
schist. Pseudomorphs of these boulders are occasionally seen within the gleyed 
horizons. The pebbles and chips may comorise up to 2% of the weight <rf 
soil excavated from these horizons. No oata are available for grain size, 
sorting, and skewness of these soil materials, but results of mechanical 
analyses by the pipette method do not remotely resemble results in Young's 
fig. 3 (p. 653), even allowing for slightly different size classes and analytical 
methods. Coarse plus fine sand (2-0 ()-02 mm) comprises 63'5% and 67-6% 
of organic matter-free material smaller than 2 mm in glc)'ed horizons of 
two soils near Okarito, while silt (0'02-0'002 mm) comprises 26-4% and 
21*9% and day (less than 0*002 mm) 10*13% and 10*48%. On these data 
it seems unlikely the glqred horizons are composed of loessial deposits. 

The writer agrees with Young that iron pans and cemented gravel are 
poody developed within many Okarito and Waiuta soils, and can rarely be 

regarded as the principal cause of saturation in overlying gleyed horizons. 
The permeabilities reported by Young for six samples of loess (about 
10 "cm /sec) must restrict water movement where loess forms surface 
gleyed horizons. In the absence of loess, another reason for the permanent 
saturation of the gleyed horizon ma^ lie in the mechanism proposed by 
Crompton (1936). These soils invariably possess a thick surface layer of 
greasy mor-like organic matter, which promotes and sustains auAerobk: 
conditions in the underlying gleyed horizon. 

Youne demonstrated the common occurrence in north Westland of thin 
layers of loess on K2(i, terraces bearing Okarito soils. Gibbs (1930) mapped 

Kumara loam on the loess free K2(2) terrace west of Kumara township, out 
this soil is not as leached as Okarito fine sandy loam (Gibbs, p. 13) and is 
probably younger. Okarito soils on K2,,, surfaces east of Hokitika have 
developed in loess capping the fluvioglacial gravels, and therefore differ from 
Okarito soils on loess-free K2(2), or possibly K2(i), surfaces under a higher 
rainfall further south. While none of the statements in this note contradict 
the sense of Young's paper, which dealt principally with north Westland, 
it is perhaps relevant to make the following conclusions: 

{a) In south Westland the combination of narrow river valleys, low wind 
velocities, and very high rainfall probably precluded the formation of much 
or any loess. 

(h) The parent materials of Okarito soils in north Westland diSet 
physically from parent materials of their counterparts in south Westland. 

(f ) There may be some grounds for reclassifying Okarito soils, to dis- 
tinguish between those developed in loess over fluvioglacial gravels, and 
those not so developed. 

(d) Okarito soils do not seem to occur in north Westland on terraces 
younger than K2,i , age, whereas in south Westland a mature Okarito profile 
may be formed in as little as 20,000 years (K2(2) surfaces). 
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(^) Gleyed loess-like materials present in south Westland Okarito soils 
are not eoUan in origin, but ace the product of some 20,000 yr of pedo- 
genesis under a super-fanmid diooate. 

I am grateful to Mr D. J. Young, Dr R. P. Suggate, and Professor T. W. 
WaUoer for their aidcal comments on the information presented and views 
expressed in this letter. 

Pbtbr R. Stevens, 
30 April 1968. Department of Forestr>', 

Australian National University, 
Canberra. 
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Letter to the Editoil 

SEISMICITY AND STRUCTURE IN SOUTH-WEST 
NEW ZEALAND AND THE MACQUARIE RIDGE 

Sir, 

In his recent paper, basically discussing magnetic measurements south-west 
of Fiordland, Hatheitoa (1967) illustrated the Fiordland region with a 
map including an ''envelope of major earthquakes" that extends from the 
south only as far as 30 km north of Milford Sound. Hb envel<^ is stated 
to be based on New Zealand Seistnological Reports 1955-60. The "envelope" 
is certainly misleading even with respect to earthquakes of this period. 
Although Hatherton does not define "major earthquake it is reasonable to 
include in this term at least those of M3 or greater. One such shock took 
place 20 km to tiie west of the envelope m 1959, and the limit of the 
envelope is drawn through the epicentre of the main I960 shock 30km 
west of Big Bay, leaving several aftershocks outside it. 

In a paper mainly concerned with intermediate-depth earthquakes in 

south-west New Zealand, Hamilton and Evison (19<'>7, fig. 1) gave a map 
of New Zealand earthquakes of M ^ 4*5 for Januar)' to November 1964. 
In their fig. 4 they showed shallow-focus earthquakes of M ^ 4-0 for 
June 1963 to December 1964, for south-west New Zealand. 

It is surprising that neither Hatherton nor Hamilton and Evison cited 
earthquakes for 1961-63, published in f^ew ZeaUmd Seimolog/cal Reports, 
On Fig. 1 are shown au epicentres of M4 and greater in south-west 

New Zealand for 1955-63, covered by these published Records, These 
include two from the 1961 63 period greater than M5* and one greater 
than M6, all outside Hatherton s envelope. 

Hatherton and, separately, Hamilton and Evison drew attention to the 
large (>150 milligal) positive gravity anomaly of west-central and south- 
west Fiordland, centred at about 45 "5° S, 167*0° E. There is, however, no 
dear assodatioo of this with seismidty, the densest activity diown on Fig. 1 
lying in an area of no significant ^vity anomaly. The gravity anomaly, 
seismicity, and the magnetic anomaly of the east side of the Macquarie Ridge 
(Hatherton, 1967, fig. 4) all lie in a linear belt, and some connection 
between them may well exist. This may be the "active margin between 
the New Zealand continental mass and the Tasman Sea" (Hamilton and 
Evison, 1967, p. 1319), but another pertinent feature, extending well into 
this belt from the north-east, is the Alpine Fault. The geophysidsts' dis- 
cussion of the Alpine Fault seems designed to imply, rather than state, that 
they do not think the Alpine Fault extends south-west off shore be)'ond 
Milford Sound, as far as which it is indubitably an active fault and beyond 
which its trend would take it out to sea. Hatherton noted (p. 1210) 
"there is no evidence of its extension" beyond Milford Sound. Hamilton and 
Evison stated (p. 1328) 'The [seismically] active region of south-west New 
2^and occupies a position . . . between ... the Maopiarie Rid^ge and the 



♦Of these tv,-o, one (44-1" S, 168-6" E) is hsted in the 1962 Report as being M5-4. 
whereas it is shown as over M6 on the accompanying map. 

N.Z. // Geoi Geophys. 11 : 1274-6 
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Fig. 1 — 1955-63 shallow and normal earthauakes in south-west New Zealand, and 

the probable position of the Alpine Fault. 
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southern extremities of the Alpine Fault and the main mountain axis". 

Neither of the gcophysicists' papers took into account the mapping of a 
linear belt of coastal cataclastic rocks for 35 km south-west of Milford 
Sound (Wood, 1962). Beyond the known cataclastic belt, where the Alpine 
Fault presumably lies further off shore, its reasonable extension is south-south- 
west off the western side of the Macquarie Ridge; from bathymetry, such 
a diiection seems at least as Ukdy as die straight line at 213^ from Milford 
Sound suggested by Barker ^1967). Thus the Alpine Fault provides a 
structural link between the r^ons of geophysical and geological contrasts. 

Hatherton stated (1967, p. 1210) that "over much of its recognisable 
length, between Milford Sound and Lake Rotoroa, the Alpine Fault has no 
association with known seismicity". A comparable generalisation was made 
bv Hamilton and Evison (p. 1319), who remark on a "zone of comparatively 
uisht activity" between a northern and a southern (Fiordland) seismic region. 
All the seismkity of the teaoa will not be directly associated with the 
Alpine Fault, but Fig. 1 could well be interpreted as indicating some con- 
nection for much of it. The most north-easterly epicentre on F^. 1 is more 
than half way from Milford Sound to Lake Rotoroa. 

The accumulating geophysical data will undoubtedly lead to a better 
understanding of the major structures of south-west New 2^aland. This 
understanding, however, is too far off to allow the importance of the main 
structural feature of the South Island, the Alpine Fault, to be discounted 



7 May 1968. 



R. P. SUGGATE, 

New Zealand Geological Survey, 
P.O. Box 30368, Lower Hutt. 



Rbfbrencbs 

Baikbr, p. H. 1967: Bathymetry of the Fiofdland Continental Margin. N.Z. // Sci. 10 : 
12»-37. 

Hamilton, R. M.; Evison. F. F. 1967: Earthquakes at intermediate depths in south* 
west New Zealand. N.Z. J I Geol. Geophys. 10 (6) : 1319-29. 

Hatherton, T. 1967: Total magnetic force measurements over the North Macquarie 
Ridge and Solander Trough. N.Z. // Ggol. Gtopbys. 10 (5): 1204-11. 

^OOD, B. L. 1962: Sheet 22— Wakatipu (1st Ed.). "Geological Map of New Zealand 
1 :230,000." New Zealand De{)aitment of Scientific and Industrial Research. 
Wellington. 



Copyrighted material 



No. 5 



1277 



Lbttbr to iHB BDnm 
REPLY TO R. P. SUGGATE S LETTER 

(1) 

Sic, 

The purpose of our paper was to present definite evidence that earth- 
quakes at intermediate dq>ths occur in south-west New Zealand, and to 
point out that this further strengthens the interpretation of the region as a 
typical active margin. The Alpine Fault, where it is definitely known, is of 
course mainly outside the region. If the Fault can be shown to extend 
through it, as Dr Suggate considers reasonable, this would be of very 
great interest, but woijdd not affect our results. In the meantime it should 
be noted that his extension of the Fault south-south-west off the western 
side of the Macquarie Ridge is not supported by any con^elling evidence. 

Our brief references to the Alpine FaiJt were not intended to discount 
its importance. The fact that the Fault connects New Zealand's two active 
margins may well be one of the most important features of it from the 
viewpoint of New Zealand geodynamics as a whole. 

Dr Suggate is pu2zled by our having concentrated on earthquakes that 
occurred after June 1963. Our reason for doing so was that the accuracy 
of determining earthquake foci in south-west New Zealand improved 
greatly in that month with the installation, mentioned in our second 
paragraph, of a Willmore seismograph at Monowai. 

Regarding Dr Suggate's discussion of the seismicity of south-west New 
Zealand, it should Be pointed out that the earthquake data in his Fig. 1 
are not a good statistical sample for the region because they include the 
magnitude 7 shock of May I960 and some of its very numerous after- 
shocks. This exaggerates the density of activity in the ndgfabourhood of 
Milf(tfd Sound, since magnitude 7 events occur only about once per decade, 
on the average, in the whole of New Zealand, and of course at a fraction 
of this frequency in the south-west region alone. 

14 August 1968. R. M. Hamilton, 

U.S. Geological Survey, 
Menlo Patk, California. 

F. F. EvisoN, 

Victoria University of Wellington. 
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L£TT£& TO THE EDITOR 

REPLY TO R. P. SUGGATE'S LETTER 

(2) 

Sir, 

I did not use the eaidiqiukes foe 1961-63 for the simple reason that 
the New Zealaad Setsmcdogkal Reports for those years were not published 
when my paper was written (in 1965). With regard to his critidsm <rf my 

"misleading" envelope Suggate should take note of the accuracy of earth- 
quake q)icentres given in the New Zealand Seismological Reports. He will 
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Fig. 1 — ^Epicentres of earthquakes > M4 in the New Zealand Region for 1$»63 and 
1964. Data from N.Z. Seismological Reports 1963, 1964. 

N.Z. // Geol, Gtophys. U : 1278-9 
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find that no epicentre that I have used is farther from the envelope than 
its estimated maximum error. The envelope of seismicity that I have drawn 
is certainly less misleading than one eacirding all the errors in the epicentre 
determinations. 

The upgrading of Monowai (1963) greatly improved the detection and 
locatioo <x earSquakes in soudi-west New Zeuand. The nonnal earth- 
quake epkenties for New Zealand for 1963 and 1964, the latest two years 
available, are shown in Fig. 1 and demoostcate quite dearly why New 
Zealand geophystdsts ooosider that there are two seismic c^mnis in New 
Zealand. 

That the Alpine Fault connects these two areas is not disputed, though 
Suggate's extrapolation of it southwards, for a distance longer than its 
actual observed length, will certainly be disregarded by geophysidsts. That 
earthquakes have occurred between the two areas is not in doubt, but tfac^ 
are nmcfa less frequent dian in the two active regions, and may well follow 
a different frequency-magnitude law. That the Alpintf Fault is important is 
also not in question. But, whereas the fault is of paramount importance to 
the geologist because of the limitations imposed on his observations, to the 
geophysidst it is merelv one of the many manifestations of geodynamic 
events in the New 2^ealand region. 

4 September 1968. Trevor Hatherton, 

Geophysics Division, 
Department of Sdentific and Industrial Research, 

Wellington. 
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A RBINTJBRPRETATION OF THE WELLINi^TON CRUSTAL 

REFRACTION PROFILE 

Sir, 

The Department of Scientific and Industrial Research with the co-operation 
of the Royal New Zealand Navy carried out a 177 km long, unreversed 
fcfractioo profile id March 1932. This Geophysics DivisioQ project involved 
the recording of 1 1 explosions at 34 sites in tiie gfeywadce mountain ranges 
to the north of the dty of Welliogtoa. 

Two interpretations have been published o£ diese seismic recordings 
(Officer, 1955; Eiby, 1955, 1957) the conclusions being substantially in 
agreement — suggesting a crustal thickness of 18-19 km foe this part of 
New Zealand. 

This result placed the New Zealand crust and region in an anomalous 
position with respect to the rest of the world. Eiby's tables 10 and II show 
crustal thickness results for continental and oceanic regions, and New Zea- 
land's crust, indeed, seemed to be intermediate between continental and 
oceank areas prompting Eiby to propose the term '*insalat*' to describe it 



SITE 



W 1 : .A. .. -> ' — 94-2 



't-flOt '«22 



— I — 1 — 1 I T_t — , , . t 



ONE 
SECOND 



Fig. 1— The "Officer-Eiby" selection of Mohorovicic Refractioas, tnafked by bfoad 

arrows and giving a velocity of 8-02 Ion/sec. 
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Fig. 2 — Tbe "new" set of arrivals selected as Mohorovkk Refractions, which give a 

velocity of 8*04 km/sec. 



These considerations led me to re-examine the records of the Wellington 
cnistal refraction profile. A new set of energetic, second arrival refraction 
events have beea found on the reoofdings from 94-177 km which ^idd a 
velocity of 8*04 km/sec and, if assumed to be Mohocovidc refractions in 
place of those previously chosen by Officer (1955) and Eiby (1955, 1957), 
yield a cmstal thickness for Wellington Province of 36 km. 

In what follows I shall briefly describe my interpretation which is sub- 
stantially similar to that of Eiby except, as stated above, with respect to the 
Mohorovicic refractions. These are shown in Figs. 1 and 2, the Officer-Eiby 
selection in Fig. I indicated by broad arrows. The time-distance axes have 
been dcewed so that a vdodty of 8 km/sec would be a vertical line-up. The 
lack of an appropriate event on the dear recording from Site Z in Fig. 1 — a 
recording with better signal to noise ratio than its neighbouring sites— seems 
rather strong evidence against the validity of such a selection. 

Otologr— 15 
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The Pencarrow-Eastbourne Profile 

The first arrival times from the uppermost layer in the Wellington profile 
(Table 3, 5-27 km shotpoint range) did not pass through the origin of 
the time-distance graph. The Pencarrow-Eastbourne profile (0-3-6-7 km 
shotpoint range) was produced in August 1955 to remedy this situation, with 
shotpoint and geophone positions being sited entirely on "undifferentiated 
greywackes and argillites of Permian to Jurassic age". 

Fig. 3 shows the time-distance plot so obtained to which corrections for 
the step-back process, attributed to frequency dependent absorption with 
distance, must be applied. Fig. 4 shows how the periods of the first arrival 
waves increase with distance in both the Pencarrow and Wellington profiles 
out to 20 km, but the factors influencing the step-back process and the 
distances out to which due allowance must be made for it are rather obscure. 

The writer has smoothed the Pencarrow-Eastbourne observations and 
Table 1 lists these values after correcting for the "step-back process". 

Second order groupings are now evident by close inspection of Fig. 3 and 
perusal of Table 1. A velocity close to 11,500 ft/sec ( 3*5 km/sec) goes 
through the origin whilst a second of approximately 13,500 ft/sec 
(4*1 km/sec) is recorded from 1-2-3'Okm. This gives way to a third of 
17,000 ft/sec (5*2 km/sec) at distances exceeding 3 km. 

Three solutions of increasing complexity have been computed — see 
Table 2 — assuming horizontal layering in the "grej'wackes" . These indicate 
that a velocity near to 5*4 km/sec is attained at a depth of approximately 
1 km from the surface which persists as a first arrival from 4-30 km. The 
3*5 km/sec velocity through the origin gives way to the 4*0-4'3 km/sec 
material at a depth of the order of 0-1 km. In quarries in the Wellington 
region this is about the penetration required to note visually a change-over 
from brown to blue-grey "metal" — that is from weathered to unweathered 
rock. Velocities of the order 4*3 km/sec give way to others in excess of 
5*0 km/sec at a depth of about 0-7 km. 

The final by-product of the Pencarrow-Eastbourne profile allows one to 
calculate an average velocity for the "greywackes" using the eight layer 
interpretation in Table 2. Taking the time of transit for a vertically travelling 
wave will give a minimum velocity estimate which turns out to be 14,500 ft/sec 
(4*42 km/sec) for the 2,654 ft of the seven layers involved. This average 
velocity will be used in the calculations for the Wellington crustal profile. 

The Seismic Pulses Read from the Main Crustal Profile 

The time-distance graph of initial energies recorded on the Wellington 
profile splits naturally into three linear segments. The observations com- 
prising each segment are tabulated in Tables 3, 4, and 5. 

Onset quality of the seismic pulses has been tabulated also in the follow- 
ing tables. Three symbols have been used to characterise the arrivals depend- 
ing upon the time uncertainties with which they can be read. !, i, and e are 
defined by uncertainties of <25, 25-100, and >100 millisecs respectively. 
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Fig. 3 — The time-distance graph of the Pencarrow-Eastboume refractions. 
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Tablb 1 — The Peooarrow-fasdboume Obiervadoos 



Distance (ft) 
Time (msec) 
Velocities (f t/scc) 
Velocities (km/sec) 



0 2,000 4,000 6,000 8,000 9,500 
0 174 324 470 614 721 
11,494 13.333 13>699 13.889 14,019 16.667 
3*30 4*06 4-18 4-23 4'27 9-08 



Distaoce (ft) 

Time (msec) 
Velocities (ft/sec) 
Velocities (km/sec) 



10,000 12.000 14,000 16,000 18,000 20,000 22,000 

751 869 983 1.096 1.208 1,319 1,429 
16,949 17,544 17,699 17,857 18,018 18,182 
5 17 5-35 5-39 5-44 5-49 5-54 
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Tablb 2— Thfee Models of Increasing Complexity and their Solutions that 
Approadmate tfie PeDcanow-Eastboome Observations 

3-Laytr Approxtnuitioa 

Vo constant from 0-2,000 ft = 11,500 ft/sec /o = 0- 000 sec 

Vi constant from 4,000-9,500 ft = 13,850 ft/sec A = 0-038 sec 

Fj constant from 11,600-22,000 ft = 17,900 ft/sec h = 0-195 sec 

Hence J9 » 392 ft 
dt « 1.560 ft 
and ^ + /i B 1,992 ft (0-6 km) 



IhLayer Apprcximathn 

Vo constant from 0-2,000 ft = 11,500 ft/sec to = 0-000 sec 

Vt constant from 2,000-6^000 ft = 13,510 ft/sec A = 0-026 sec 

Vi constant from 6,000-10,000 ft = 14,230 ft/sec /, = 0- 048 sec 

constant from 10,000-14,000 ft = 17,240 ft/sec /, = 0-171 sec 

F» constant from 14.000-22.000 ft = 17,940 ft/sec A = 0-202 sec 

Hence d« = 285 ft 
dt « 404 ft 
dt = 1,221 ft 
d^ = 627 ft 
and do + dt + d, = 2,537 ft (0-77 km) 



8-Layer Approximation 












Vo 


constant 


from 


0-2,000 ft 




11,500 ft/sec 


h 




0*000 sec 


Vx 


constant 


from 


2,000-4,000 ft 




13,330 ft/sec 


ft 




0*024 sec 


F, 


constant 


from 


4,000-6,000 ft 




13.700 ft/sec 


/s 




0-032 sec 


F, 


constant 


from 


6,000-8.000 ft 




13,890 ft/sec 


/a 




0-038 sec 


F. 


constant 


from 


8,000-10,000 ft 




14,600 ft/sec 


A 




0-066 sec 


F, 


constant 


from 


10,000-12,000 ft 




16,950 ft/sec 


A 




0 161 sec 


F, 


constant 


from 


12,000-14,000 ft 




17,540 ft/sec 


A 




0-185 sec 


F, 


constant 


from 


14,000-22,000 ft 




17,940 ft/sec 


A 




0-202 sec 



Hence dt = 273 ft 

dt = 179 ft 

dt = 159 ft 

d» « 400 ft 

d* — 904 ft 

i4 "* 441 ft 

d, = 298 ft 

and do + dt + dt + dt + + 2,654 ft (0-81 km) 
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A glance through Tables 3-6 is sufficient to note the emergent nature of the 
majority of the pulses. 

The reader's attention is also drawn to the seventh column in Tables 3-6 
in which elevation corrections appear. These have been computed amply as 
vertical travel times using a velocity of 15,000 ft/sec and are believed to be 
a necessary, if small, refinement to cnistai velocities. 

CoHsolulattd Guywack* K«f rations (TMe 3) 
The first linear segment extends from 3*4 to 28*5 km. Its possible exten- 

sion to greater distances as second nrri\al energy has been sought after 
without success. The link-up of these observations with the Eastbourne- 
Pencarrow profile is almost exact (Fig. 3), this circumstance being respon- 
sible for ascribing these refractions "to a consolidated greywacke layer". 

"Metaniorphic" Layer RtfrMtiorif (Table 4) 

Although 12 recording sites were occupied in the sector 40-110 km, it is 
nnfortonate that for various reasons only half of these times were usable 
in defining this segment of the tttvd time curve. The velocity obtained from 
six observations omy cannot be said to be "wdl determined" but it is of the 
order to be ei^ected for "metamorphic" rocks. 

Conrni Rgfrsctioas (TM« 5) 

These emergent arrivals yield a third linear segment of the time-distUKC 
curve. Up to l40km their first arrival nature is due to the negligible energy 
carried in the true first arrival, the "metamorphic" pulse. The strong record- 
ing from Site Z exemplifies this by displaying both events. 

It seems probable that these arrivals correspond to the P* of natural 
eartixpiake aetsnx>logy and travel in the "intermediate" or "basaltic" sima 
of the crust 

Mohorovicic Refractions (Tahh 6) 
It is now asserted that the alternative "energ)' line-up" to be found on 
the crustal profile readings (Fig. 2), is in fact the refracted energy from the 
Mohorovicic discontinuity. This energy line-up consists solely of second 
arrival pulses. The four recordings from sites W, X, Z, and a (94-118 km 
range) all show very prominent pulses of energy 2^3 sec tltaet the first 
arrival onsets, which continue to be observed on all recordings out to tfie 
limit of the crustal profile at site g (177 km). At this latter distance the 
Mohorovicic refraction merges with the true first arrival, the refraction along 
the Conrad discontinuity. Table 6 lists these second arrival refractions 
through the mantle. The spike onset to the recording from the site Z is 
prolbNBoly fortuitous but the energy in the 3-6 cycle event is unmistakable. 



Least Squares Solution 

The seismic observations on the time-distance graph all appear to lie 
along four linear segments. The four straight lines that have oeen fitted 
to these observations in Tables 3, 4, 5, and 6 have been found by the 
method of least squares. All observations have been treated as of equal 
weight in the least squares fit. Four observations in Table 3, however, have 
been omitted from the least squares solution after graphical infection 
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showed them to be rather late. Also tabulated in Tables 3, 4. and 6 are 
the residuals in milliseconds from the least squares solution, computed in the 
conveational sense of "observed minus calculated" times. Adding the 
equatioii for the ftverage velocity <^ the uncoosolidated "greywackes" we 
may write the tesohs as follows: 

A 

/ = 0*00 H assumed 

4*4. 



/ = 0-22 + 



t = 0-93 + 



t = 1-76 + 



/ = 7-22 + 



5- 4, 

A 

6- 2, 
A 

A 

8-04 



0-057 



0-059 



(H)67 



0-077 



where / is m seconds and A <n kilometres. 

In the right-hand column are tabulated the standard errors, which ate 
cofxqmted from n icsidaak r^, . . . r„, in the usual manner. 



i.e.. Standard Error = < 

They show that all four refractors are similarly well defined. 



'22 a H 

, + r, + ...f« / 

« — 1 ^ 



ItaB Crustal Sbctidn 

A crostal modd may now be described consisting of four horizontal 

interfaces below the Earth's surface, the deepest interface being coincident 
with the Mohorovicic discontinuity. Four interfaces imply four layers in the 
crust in each of which the velocity of seismic waves is assumed to be constant. 

The uppermost layer in this model is to be identified with the 1 km deep 
region or imconsolidated "greywackes" of average velocity 4*42 km/sec. This 
approximation will have no great effect on the total crustal section. With this 
reservation m mind, it is now possible to compute the crustal section from 
this model {$€• Table 7) . 

Average Velocities, Critical Distances, and Minimum Times in the Crust 

It is possible now to calculate the average velocities of the crustal material 
between the various discontinuities in the crust and the surface of the Earth. 
Vertically travelling waves yield minimum values average crustal velodtjr. 
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Average Velocities — Surface to Conrad Discontinuity 

Average velocity for vertically travelling wave = 5*6 km/sec 

Average velocity for wave critically refracted at = 6*0 km/sec 
Conrad discontinuity 

Average Velocities — Surface to Mohorovicic Discontinuity 

Average velocity for vertically travelling wave = 6*15 km/sec 

Average velocity for wave critically refracted at = 6'25 km/sec 

Mohorovidc disoontinuitv 

Critical distance for Conrad refraction = 72 km 

Critical distance for Mohorovicic refraction = 90 km 

Time for Vertical Reflection from the Conrad = 4*70 sec 

discontinuity 

Time for Vertical Reflection from the Mohorovidc = 11-70 sec 
discontinuity 

Minimoffl Time for Cooiad refiacdon = 12*94 sec 

Minimum Time for Mohonmdc refraction = 18*36 sec 

These results have been computed from the crustal nxxld and its solution 
described in the previous section. 



RBFLBcnoN Data 

The appearance of certain events on the seismic recordings from the 
Wellington profile leads one to suppose that they are reflections from some 
discontinuity deep in the crust. It is felt, however, that the reflection data 
from the Wellington profile lade the detail and cdierence necessary for their 
adequate interpretation. 



Discussion and Conclusions 

In the Wellington Province of New Zealand the Earth's crust is conti- 
' nental in thickness. This conclusion is based anew on the records of the 
I Wellington profile shot in March 1932, which portray a crust composed of 
four layers underlain by a mantle vdodty of 8*04 km/sec. lliese layers have 
thicknesses of 1, 4, 8, and 23 km and cx>cres{>onding vdodties of 4*4, 5*4, 
6*2, and 6*5 km/sec respectively. The new set of second arrival Mohocovidc 
events casts doubt on the validity of the "Ofllicer-Eiby" arrivals purporting to 
come from the Mohorovicic discontinuity; the events have considerable 
energy associated with them particularly in the 90-120 km range of dis- 
tances. The lack of an ec^^uivalent event on the 87 km recording may be 
significant in terms of critical distances for the Mohorovicic refraction. 

Two other papers already published support a continental crustal thickness 
for New Zealand; one dealing with the thickness of the New 2Uand crust 
using surface wave dispersion data ^Thomson and Evison, 1962) and Uie 
other discussing the implications ot New iSealand gravity data (Reilly, 
1962). In addition, it would be inappropriate not to recall the wodc of 
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K. E. Bullen (1940) in a paper mtitled 'The Cnutai Structuie of the New 

Zealand Region as Inferrecl from Studies of Earthqoake Waves". On p. 108, 
Bullen indicates "the most probable form of the general structure" of his 
30 km crust whose correspoadeace with the present results is indeed note- 
worthy. 

There is some doubt as to whether the terms "unconsolidated" and "con- 
solidated" when applied to greywacke formations as in this paper are the 
most appropriate in the ctcaimstafices. Odier suggested adjectives that might 
be usea in place of "consolidated" ate *'uoshattered" or "compressed". How- 
ever, the wofk of Bifch (I960, table 5) on New Zealand greywacke shows 
that the measured increases of longitudinal velocity from the PencBlcOW 
Profile is complicated by factors other than pressure increase alone. 

It is of interest, structurally, to note that the intermediate layer, 23 km 
in thickness, makes up two-thirds of the New Zealand crust. 

May 1968. R. A. Garrick, 

Geophysics Division, D.S.I.R., 
Wellington. 
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Lett£r to the Editor 
REPLY TO R. A. GARRICK'S LETTER 

Sir, 

I am grateful for the opportunity to comment upon an advance proof of 
Mr Gatrick's reinterpretation of the Wellington and Pencarrow crustal 
structure profiles. I have known of this work for several years and I am glad 
that it is at last to be published. The most significant difference from my 
earlier result is the identification of refraction arrivals believed to originate 
at a Mohorovi^c discontinuity at normal continental depth. This interpre- 
tation would agree with values obtained from gravity and surface-wave 
studies that were not available to Officer or to me. Conseauently I believe 
that Garrick's interpretation must now be considered definitive. It must, 
however, be remembered that there has been no convincing demonstration 
that the "crust" measured by the different techniques is in all cases identical. 

The quality of the refraction arrivals that I assigned to the Mohorovicic 
discontinuity was not good, as the original report emphasises. Only the 
existence <^ an apparently convincing set of reflections and the fact that 
the velocity obtained was of the correct order justified the claim that they 
came from the base of the crust. Mr Garrick has had the rather hetefo- 
geneous set of original records photographically copied on a uniform time- 
scale. These copies dearly show the arrivals he prefers, and 1 agree that he 
should prefer them. 

It remains only to regret that no comparable refraction studies have been 
made since 1932, and that even the original profile remains unreversed. 
Now that gravity and surface-wave measurements of good quality are 
available, the lack of good reversed crustal structure refraction profiles is a 
serious omission from New 2^and geophysical data. 

9 September 1968. G. A. Eiby, 

Seismological Obsttvatocy, 
Department of Scientific and Industrial Research, 

WeUingtoD. 
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Letter to the Editor 

NEW ZEALAND PERML^N STAGES 

Sir, 

In a letter on Permian stages Dr Waterhouse alleges in the following 
sentCQces (1968, p. 270) that I make tfacee 

'The two New 2Sealaad stages" (Parahaiiaa and Waiitiaci) 
sented by cocks and fossils in the Takitimu column — he" (j.D.B.) * etrs 
in stating they are absent. He also errs in stating that the TdirOfdian is not 
found elsewhere in New Zealand — rocks and fossils are known. He further 
errs in stating that certain lithologic correlations have not been specified. . . 

With regard to these accusations: (a) I nowhere suggest that these two 
stages are absent from the Takitimu area. On the other hand Dr Waterhouse 
has stated, "... But the fourth ' (Puruhauan) "is represented in the Taki- 
tinm area bf mesgte faunasy and the fifth" (Waiitian) *'is so far as is known 
unrepresented by faunas or beds" (Waterhouse, 1967, p. 164). (b) The 
origmal paper (Waterhouse 1967) cited no localities outside the Takitimu 
area where Telfordian faunas occurred. Reference was made to plant fossils 
recorded by McQueen (1954) as possibly Telfordian. although McQueen 
could only suggest a middle Devonian to Carboniferous age. The "Telford- 
ian fauntue" from Nelson mentiooed in Dr Watecfaouse's letter (p. 272) is 
not dted in the paper, (r) I wrote of unspecified stcat^graphic correlation 
not lithologic correlation, a significant ai£Fecence in the context used 
(cf. Waterhouse, 1967, p. 165). 

Dr Waterhouse wrongly implies (1968, p. 272) that I asserted Permian 
paleotemperatures in Australia were constant. I suggested that cool and 
warm water faunas persisted in some regions, a conclusion which his letter 
appears to support. 1 did not suggest that Dr Waterhouse was attempting 
to establish the New Zealand Permian as a world type section (p. 272) — the 
term standard section was used throughout — however, I feel that there is 
sufficient justification (1967, pp. 162, 163, and 178) for considering the 
world wide implications of the proposal. 

Many of Dr Waterhouse's points are arguable, but let me repeat that 
while I think his work on New Zealand Permian sequences (lithostrati- 
graphy) and faunas (biostratigraphy) are of the greatest value, I regret 
that diey have now been disguised as chronostratigraphy. 

10 June 1968. J. D. Bradshaw, 

Department of Geology, 
Umversity of Gmteibury. 

McQueen, D. R. 1954: Upper Palaeozoic plant fossils from South Island, New 
Zealaad. Trans. R. Soc. NZ» 82: 231-36. 

Watbihouse, J. B. lor;7: Proposal of series and stages for tfie Pomian in New 

Zealand. Turn R. Soc. N.Z. Geol. 5 (6) : 161-80. 

1968: New Zealand Permian stages: A Rejoinder (Letter). N.Z. // Geol. 

Geophys. 12 (1): 268-73. 
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